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Abstract
This thesis presents the results of a study of the thermal stability of InGaAs and 
InGaAsP material systems fabricated on InP substrates. We have used 
photoluminescence, coupled with repetitive annealing to follow the diffusion of a 
single, 100Â, quantum well, of either InGaAs or InGaAsP. Structures were designed
3l-£>irnSsuch that in each sample onl5j(one sublattice W4?i?difflising, so that any changes in the 
photoluminscence would be solely due to a single sublattice.
We concluded that the interdiffusion process was Fickian with a diffusion
coefficient that was concentration independent. Contrary to some of the data in the 
literature, the substrate type had no effect upon the intermixing, neither did zinc 
incorporated during MOCVD growth. It was shown that the interdiffiision of the 
group III and group V were identical and could be described by an
Arrhenius expression with = 3.49 ±0.15 eV and Dq = 0.12 +0.66 -0.02 cm  ^s*\
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Chapter I 
Interdiffusion in III-V semicondnctors.
i. 00 Introductioiu
The In .^^ Ga^ As,.yPy on InP material system has received considerable attention 
over the past few years. This can be attributed to two main factors. The InP based 
material systems, when compared with GaAs materials, have a greater difference 
between the secondary conduction-band minima and the primary minimum, (0.94 and 
0.69 eV for InP versus 0.31 and 0.52 eV for GaAs, as shown in figure 1.00(a)). This 
increased separation allows devices to be fabricated which can withstand higher fields 
without the onset of transferred-electron effects. This is evident for the plot of InP 
shown in figure 1.00(b). This can lead to the development of high speed electronic 
devices based on InP,
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Figure 1.00. (a) Shows the separation o f the T - L for InP and GaAs. (b) Showing
that for InP, when compared with other semiconductor materials such as GaAs, a 
large electric field can be applied before the onset o f transferred-electron effects. 
(After Sze, reference I).
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The second factor is in the area of optical devices. Lasers fabricated off this material 
system can be tailored to operate at 1.3 and 1.55p,m wavelengths, the low dispersion 
and low loss wavelengths of silica-based optical fibres.v The
compatibility of this material system with these fibres has the potential to allow 
integration of electronic and optical processing for communication.
The disadvantages associated with the InP based material systems, are that
from an economic viewpoint they are more costly than GaAs based material systems,
and thus devices fabricated off InP substrates are generally more expensive. A more
fundamental disadvantage for InP based material systems is their thermal stability. InP
will evaporate as a molecule at temperatures as low as 360°C,[1]. This limits the range
of acceptable device processing temperatures. IijP has a diffusion coefficient which is
greater than that of G^As and high temperature device processing has been shown to
Of lasersmodify the output wavelength^fi'om the nominally grown wavelength [2]. Also the 
ability to grow ever more complicated structures such as SL's, can be accredited to the 
two major growth techniques used in the semiconductor industry, namely, MBE and 
MOCVD. Having this microscopic control over growth demands that we characterise 
the diffusion of these atoms to a similar level.
It is clear that a comprehensive study and quantification of the thermal stability 
of the InP material system is due. We need to investigate the mechanisms which give 
rise to the observed intermixing and affect the performance of optical devices.
In this thesis I will mainly discuss the interdiffusion associated with the InP 
based material system. For a complete overview of interdiffusion studies based on 
GaAs material systems, see the work undertaken by Bradley, [3] and Gillin, [4].
This review is divided into six sections. Firstly, the question of "what is diffusion?" will 
be discussed. Sections two and three will look at the self diffusion of the binaries, IhP, 
GaAs and AlAs/GaAs, respectively. Sections four and five will review the intermixing 
studies conducted in the ternary and quaternary material systems to characterise In-Ga 
and As-P interdiffusion. Finally, section six will be devoted to look at the effect the 
capping materials have upon the interdiffusion, as these have been reported to effect 
the interdiffusion of the material below.
1,10 What is diffusion.
The simplest picture of a diffusion process is that of a thermally activated
process, mediated by a single point defect and occurring via a single process. This
leads to the dependence of the diffusion coefficient, (defined as the rate of intermixing
at a given temperature) on the temperature, T, by the expression.
ExD=Doexp 1.10kT
and a plot of log D versus 1/T can yield an experimental value of the activation energy, 
E^, where Dq is the intercept on the y-axis at infinite temperature and k is Boltzmann's 
constant.
1.20 Self diffusion o f InP and GaAs.
GaAs and InP are the two main III-V materials used in the industry today as 
substrate material systems on which complex semiconductor devices are fabricated. 
GaAs has received the most attention of the two.
To study the self diffusion of binary compounds, radioactive tracer methods 
have been employed. For a good set of results the isotopes must have long half lives
and also have sufficient activity to measure over a large temperature range. The tracer 
element can either be introduced into the compound by a thin layer deposited on the 
surface or from a vapour source. In both cases the isotope is diffused in during a high 
temperature anneal and then the activity of the isotope is profiled by etching away the 
surface layer and counting the remaining activity. Dissociation of the materials at high 
temperatures is prevented by the inclusion of appropriate amounts of arsenic for GaAs, 
and phosphorus for InP.
Goldstein, [5] measured the self diffusion coefficients of GaAs and InP. Ga^ ,^ 
with a half life of 14 hours and As^  ^with a half life of 27 hours were used to determine 
self diffusion of GaAs while, In""^, with a half life of 49.15 days and with a half life 
of 14.28 days, were used to determine the self diffusion of InP.
Over a temperature range of 800-980°C an activation energy of 3.85 ±0.05eV 
was obtained for indium self diffusion in InP and an activation energy of 5.65 ±0.06eV 
for phosphorus self diffusion in InP. For GaAs, self diffusion data was obtained over a 
temperature range of 1125-1275°C. A diffusion coefficient of 5.6 ±0.32 eV was 
obtained for gallium diffusion and 10.2 ±1.2 eV for arsenic diffusion in GaAs, 
respectively. Given the small temperature range over which the activation energies 
have been obtained, the error associated with each activation energy has to be viewed 
with caution.
Very few studies relating the effect of vapour pressure on the self diffusion are 
available. Where these studies are available they provide more information on self 
diffusion mechanisms than is possible in elemental semiconductors. A study of this type 
was undertaken by Palfrey et. al, [6]. This group investigated the self diffusion of 
arsenic in GaAs. Concentration profiles at 0.75 and 3.0 atm of arsenic show that
decreasing the arsenic overpressure, increases the diffusion coefficient, see figure 1.1, 
suggesting that the dominant diffusion mechanism is via vacancies on the arsenic 
sublattice.
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Figure 1.20. The results o f Palfrey et ah, [6] showing the concentration profiles at 
two different overpressures o f arsenic. Decreasing the arsenic overpressure, increases 
the diffusion coefficient. . .
The findings of both Goldstein and Palfrey are summarised in table 1.2.
Material Self diffusion of 
which element
D q (cm^s ') E A ( e V )
GaAs" Ga 1 .0  X 1 0 ' 5.6±0.32
GaAs" As 4.0 X 10"' 1 0 . 2 ± 1 . 2
GaAs'' As 5.5 X lO"' 2 Q0.75aUnofAs
GaAs" As 2.8 X 10" ^ g gS.OatmofAs
InP" In 1 . 0 x 1 0 " 3.85±0.05
InP" P 7.0 X 10'° 5.65±0.06
Table 1.2. Summarising the findings o f Goldstein and Palfrey et. a l for the self 
diffusion rates in both GaAs and InP.
h  neie denotes those values obtained by Goldstein and f t  denotes those values obtained by Palfi'eyetal 5
It seems difficult to make a complete comparison of the 
findings of the two groups because Goldstein did not mention in his findings the 
arsenic overpressure. Goldstein noted that the results that he obtained were among the 
highest in the literature and also noted that the activation energy of the group V 
sublattice was greater than that of the sublattice. He interpreted this by
suggesting that the motion of a V vacancy may require more energy than that
of a III vacancy. A more plausible reasoning in the discrepancies between
gallium and arsenic self diffiision in GaAs, maybe the short half lives available for the 
gallium and arsenic isotopes and thus the temperature range over which activation 
energies have been measured. This limits the accuracy of the activation energies. 
Palfrey et al. suggested that the discrepancies in the activation energies may be due to 
vacancy pair formation at higher temperatures. It is more likely that Goldstein’s results 
are wrong due to the limited temperature range. This is supported by their being a 
difference in the Dq of 23 orders of magnitude, (see table 1.2).
1.30 The intermixing o f the AlAs/GaAs material system.
This material system was first investigated by Chang et. al., [7] in 1976. Auger 
electron profiling was used to determine interdiffusion coefficients over a temperature 
range of 850-1100°C. The diffusion coefficients were represented by an Arrhenius 
expression given by equation 1. 10. The activation energy was found to be composition 
dependent and related by the expression, E(x) = 4.3-0.7x, eV where x was the 
aluminium mole fraction and Dq = 92 x exp(-8.2x), cm"s '. They quoted activation 
energies of 4.3 and 3.6 eV for the limits of GaAs and AlAs, respectively. For the GaAs
activation energy, they rejected a simple vacancy mechanism of diffusion because, the 
sum of the formation and migration energies of vacancies would be, "...considerably 
smaller than the 4.3 eV obtained here for GaAs.". An interstitial-substitutional process 
was also rejected on the grounds that the activation energies obtained would not be 
greater than about 2 eV. Divacancies were suggested to be the dominant mechanism of 
diffusion. A theoretical study conducted by Van Vechten, [8], calculated the formation 
energy of a group III and group V vacancy in GaAs, and obtained a value of 2.59 eV. 
Comparing this result with the activation energy of 4.3 eV obtained by Chang et al., 
[7], this would result in a migration energy of about 1.7 eV on the group III and group 
V sublattice. If divacancies were the main diffusion mechanism, we would get, from 
the work of Van Vechten, [8] a formation energy of 5.2 eV. Adding this to the 
migration energy of 1.7 eV, would give us a total activation energy of 6.9 eV. This is 
much larger than the 4.3 eV that Chang et al., [7] state in their work.
The effects of impurities on the interdifihision in the AlAs/GaAs material system 
have been investigated by many groups in an attempt to gain an insight into the atomic 
mechanisms involved. Impurities have been introduced into the crystal by ion 
implantation, incorporated during semiconductor growth, or by diffusion from a 
surface layer.
1.31 silicon doping.
In the case of silicon, which is amphoteric but predominantly a donor on a Ga 
or AI site, [9], a concentration greater than 4 x 10'® cm“^ silicon ions incorporated 
during Molecular Beam Epitaxy, (MBE) was required to enhance the Al-Ga 
intermixing for 800°C, 2h annealing, [10]. Higher silicon concentrations of 10'° to 10"°
cm’® were found to introduce defect clusters and prismatic dislocation loops, [11]. Mei 
et al., [12] studied intermixing of AlAs-GaAs which were doped with silicon, which 
had been incorporated during MBE growth, using secondary ion mass spectroscopy, 
(SIMS). The group observed intermixing for a silicon concentration as low as 10" cm’® 
and calculated an activation energy of approximately 4 eV for aluminium diffiision over 
a temperature range of 500-900°C and suggested that the intermixing was silicon 
concentration dependent. From the work done by Gillin et al., [13] on the effects of 
silicon doping upon the intermixing, they observed that a silicon concentration of 5 x 
10'®cm ®, incorporated during MBE growth, was required to disorder a AlGaAs/GaAs 
quantum well, with silicon concentrations lower than this having no effect. Mei et al., 
[11] designed their experiment with a staircase like silicon doping profile, with 
concentration plateau's of (I) 2 x 10", (II) 5 x 10'", (III) 1 x 10'®, (IV) 2 x 10'®, (V) 5 x 
10'®, and (VI) 2 x 10'® cm®. Their SIMS depth profiles are shown in figure 1.30. After 
a 3h thermal anneal at 700°C, they noted enhanced intermixing of their AlAs/GaAs 
superlattice, which was greatest for the 5 x 10'®cm'® silicon doping concentration. A 
further 3h thermal anneal at 900°C resulted in complete intermixing. From this result 
they concluded that the aluminium diffusion coefficient increased rapidly with silicon 
concentration. From the results of Gillin et al., [12], one would not expect to see the 
silicon concentration having an effect at concentrations below 5 x 10'® cm ®. Gillin et 
ai., [12], suggested that the rapid intermixing observed in layers doped with 5 x 
10'®cm’® of silicon, was due to the silicon atoms moving off the group III sites and the 
resulting vacancies being free to diffuse and intermix the heterostructure in the 
process. If this was indeed the case, it would explain Mei's et al., [11] data without 
needing a silicon concentration dependent mechanism, as their 5 x 10'®cm‘® doped layer
would act as a source of vacancies in the middle of their structure. This would result in 
progressively less mixing as one moves away from the layer, as observed by Mei et al., 
[11].
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Figure L30. The SIMS depth profiles o f At and Si concentration in the AlAs/GaAs 
superlattice studied by Mei et a l, [11]. (a) as grown, and after 3h thermal anneals at
Tan and Gosele, [14] included on a single Arrhenius plot, the self diffusion data 
of Goldstein and some data calculated from the results of Mei et al, [11], The data 
was seen to fit the Arrhenius expression,
D = 2.9 X 10  ^ exp 6eVkT 1.31
where k is the Boltzmann constant and T is the absolute temperature and D is the 
diffusion coefficient in cnfs'l The group concluded, using the findings of Mei et al, 
[11], that, gallium self diffusion in GaAs is carried by triply negatively charged gallium
vacancies and proposed the Fermi level model could account for the intermixing. The 
contention that Ga self diffusion involves triply negatively charged Ga vacancies, was 
based on the work conducted by Mei et al., [11]. Mei et al., [11], observed that for Si 
doping, the ratio of extrinsic to intrinsic varied as the third power of the
carrier concentration. Although the findings of Tan and Gosele are widely quoted in 
the literature, this has been shown to be invalid by Gillin et al., [lâ], and is based upon 
the data of Mei et al., [11], which was caused by an experimental artefact.
LS2 beryllium doping.
Mitra, [15], investigated the effects of Be implantation into a AlAs/GaAs SL, at 
room temperature and implantation at LN  ^temperature. By using TEM, they observed 
that room temperature implants gave a large concentration of dislocation loops, well 
short of the projected range and suggested that these dislocation loops were the cause 
of the enhanced intermixing. Gillin et al, [16] observed in the InGaAs/GaAs material 
system, that beryllium doping levels up to 2-5 x 10*^  cm'  ^ do not cause intermixing. 
Implantation of impurities at LN^ temperatures were found to reduce defects like 
dislocations and prevented regrowth of the amorphous layer during implantation, [17]. 
Mitra, [15], also observed, using TEM, that implants at LNj gave rise to twinning. It 
was found that it was possible to remove the twinning by a high temperature, 900°C 
anneal without interdifihision of Ga-Al occurring.
1 0
L33 multiple implantation.
SIMS and TEM were the methods used by Venkatesan et al, [18], to study the 
effects of multiple implants on the mixing of AlAs/GaAs SL's. Ge implantation was 
found to cause intermixing at a depth of 1800Â, whereas Be implantation caused 
mixing at a depth of 7000Â. When the ions were implanted sequentially, the mixing of 
the AlAs/GaAs depended upon the order of the implant and did not act as a simple 
sum of the individual implants. To explain this asymmetrical behaviour, they suggested 
that the mixing of aluminium atoms is tied to the beryllium concentration. They 
suggest that when germanium is implanted second, gallium and arsenic vacancies 
produced by the implant, trap the beryllium atoms reducing the number of beryllium 
interstitials atoms to cause intermixing. When germanium is implanted first, the 
damage caused by this can be annealed out by the electronic energy loss component of 
the beryllium implant. In this case there are less gallium and arsenic vacancies available 
to trap beryllium interstitials so the beryllium atoms cause intermixing.
1.34 zinc doping.
Zinc impurity diffusion has been an area of intense investigation, [19] because 
of the possibility of producing highly doped p-type layers, necessary for low current 
threshold laser operation, [20]. Laidig et al, [1^], found that zinc greatly enhanced the 
interdifhision even for temperatures as low as 600°C. Laidig et al. proposed that zinc 
interstitial vacancy pairs, (Zn^  V) were the cause of the enhanced behaviour of zinc in 
superlattice heterostructures. This would allow, in the case of AlAs-GaAs, 
neighbouring Ga and A1 atoms to move into the vacancy of the (Zn; V), but the ZU;
11
would remain attached. This process is the interstitial-substitutional process of 
diffiision where intermixing is caused by vacancies and migration occurs interstitially.
L40 The InGaAs/GaAs material system.
This material system has attracted considerable interest over the past few years 
because of its flexibility in device design. It is a strained material system and has given 
device designers an extra degree of freedom for the fabrication of novel, band structure 
engineered devices. This system is different when compared to the InGaAs/InP 
material system, in that strain can be avoided in the InGaAs/InP material system, but is 
always present in the InGaAs/GaAs material system. The incorporation of strain into a 
semiconductor modifies the band structure of the system, affecting crucial parameters 
like the band gap, conduction-valence band offsets and effective masses, [21, 22]
The thermal stability of this material system has been investigated following 
shallow implants of arsenic ions at 35 keV, [23], nitrogen and zinc, [24]. Silicon and 
beryllium at different concentrations has been investigated by Gillin et al, [15], where 
the impurities were introduced from 1 pm below the quantum well. While it has been 
observed that As and Si, (to a doping concentration of 6 x 10*® cm'  ^have enhanced 
intermixing). Be concentrations of up to 10*®cm'^  were found not to affect the diffiision 
coefficients, [16].
The intermixing of the group III sublattice has been shown to be enhanced by the 
creation of group III vacancies, either by implantation, [25], or controlling the arsenic 
overpressure in a closed ampoule, [26]. The intermixing was investigated by annealing 
using a graphite strip heater in a nitrogen ambient, [24], and also with an optical lamp 
furnace, [27], in this case producing an activation energy of 1.22eV for In-Ga
12
interdiffusion over a temperature range of 850-950°C. This seems rather small when 
compared with values of 2.23 eV for gallium in the temperature range of 810-925°C 
and 3.3 eV for arsenic in the same temperature range for a InQjjGaQgjAs-GaAs 
material system [26].
The use of RBS as an analytical tool for the investigation of intermixing has 
been used by Kozanecki et al., [28]. They compared the results they obtained with PL, 
and concluded that the diffusion coefficients obtained from RBS agreed to within 30% 
of the PL data. Channelling angular scans through the <110> axial direction of the 
InGaAs/GaAs material system, indicated that no strain was induced at the interface of 
the InGaAs-GaAs layer.
1.50 The InGaAs and InGaAsP based material systems on InP.
These material systems have attracted considerable interest over the past few 
years because their band gaps can be tailored to enable the production of 
optoelectronic devices which operate at 1.3 and 1.55 pm.
In comparison with the GaAs/AlGaAs material system, the thermal stability of the 
InGaAs/InP has not been as widely studied. From the viewpoint of diffusion studies,
3Vo003 0/0the InGaAs/InP material system poses an interesting problem becausejtboth the group
III and group V sublattice are potentially susceptible to intermixing. The findings
associated with this material system have to be treated with some caution as some
early studies have assumed that only single sublattice is involved in intermixing while 
l^orvtô.the other^remain thermally stable, [29,30] and to add further confusion, some groups 
have observed no intermixing of group III and group V sublattices after thermal 
treatment, [30]. Temkin et al., [31] observed sharp well-barrier interfaces in the
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InGaAs/InP material system after annealing at temperatures in the range 600-850°C
and went to state "....we expect to observe compositionally graded layers their
absence is not yet understood." This may have been due to this group using TEM to 
study interdiffusion, TEM being a technique in which contrast changes in the image are 
often difficult to see. Nakashima et al., [32] reported that the main interdiffusion 
species in In^g^Gao^yAs/InP quantum wells is the group V species at 700°C, as 
observed by X-ray analysis.
The activation energy obtained by Goldsten, [5] and Palfrey et al., [6], have 
suggested that cation diffusion is greater than anion diffusion. From these findings, it 
seems that a device with the same composition on the group V sublattice would be 
considerably more stable than a device fabricated with the same composition on the 
group III sublattice. This has been shown by Mircea et al, [33], who observed using 
PL and X-ray analysis, highly thermally stable InGaAsP/InGaAsP quantum well 
structures fabricated with the same As/P composition in the well and barriers. The 
Surrey group [34,35] have been the first to devise InGaAsP/InGaAsP and 
InGaAs/InGaAsP material systems with a "constant x", (constant group III 
composition) and "constant y", (constant group V composition) design, respectively. 
Their findings, (the subject of this thesis), have suggested that both the "constant x" 
and "constant y" material systems intermix at the same rate with no affect of substrate 
etch pit density, (EPD) or doping type upon the diffusion, which was suggested by 
Glew et al, [2]. An activation energy of 3.49±0.15 eV over a temperature range of 
500-1000°C was reported, [34,35]. This is the largest reported range over which an 
activation energy has been obtained. The activation energy of arsenic-phosphrous, 
(As-P) interdiffusion by the Surrey group, has been in close agreement with that
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obtained by Sallese et al, [36] and Hamoudi et al, [37]. Oshinowo et al, [38] 
observed lattice matched interdiffusion using both PL and WTEM, Lattice matched 
intermixing disagrees with the findings of Kawai et al, [39] who suggested the 
dislocations formed at the GaAs/InAs/GaAs interface could account for the 
disordering in the wells. A theoretical and experimental study conducted by Gillin and 
Dunstan., [40] suggested that strain should not and does not affect the interdiffusion 
directly, however, highly strained layers which become relaxed forming defects may 
affect interdiffusion by acting as sinks or sources for vacancies.
Camassel et al, [41], theoretically modelled an InGaAs/InP structure which was only 
susceptible to cation diffusion. They assumed that the anion sublattice remained 
thermally stable while the cation sublattice was allowed to diffuse. The findings of their 
model was then compared to experimental findings. Their hypothetical model predicted 
that if only cations were responsible for diffusion PL red-shifts would be expected. As 
their experimental results clearly showed PL blue-shifts, they concluded that cationic 
diffusion only in InP/InGaAs is highly improbable.
Following the Surrey work, Camassel et al, [42], designed a multi-quantum 
well, (MQW) consisting of five In^g^Gag^^As wells separated by InoggGao^ iAsqg^ Pogs 
barriers, hereafter referred to as a "constant x" design, to investigate group V 
intermixing. A MQW structure consisting of three InQg^ Gao^ gASqggPp^ ; wells 
sandwiched between four Ino^ gGao^ ^ASgg^ Pog, barriers, hereafter referred to as a 
"constant y" design, was used to investigate group III intermixing by the same group. 
In the case of the "constant y" design, it was fabricated off two different InP 
substrates; the first with an EPD of 500 cm'  ^which was sulphur doped, the second
15
with an EPD of 3 x 10'^  cm‘^  which was iron doped. This was done in order to observe 
any effects of substrate EPD on the interdiffusion, [2]. Their findings concluded that 
the "constant y" was thermally more stable in design than the "constant x" design. They 
interpreted their findings as an effect associated with device geometry and not 
associated with that of diffusion kinetics. These findings agreed with the work done by 
Rao et al., [34]. It was also observed in the work of Camassel et al. that the substrate 
EPD had an insignificant effect upon the intermixing again agreeing with the results of 
Rao et al., [34].
Implants of beryllium, [43], and zinc, [44], have been employed to study 
intermixing effects in InGaAsP layers. Zinc impurities were found to completely 
disorder the QW and SL, layers. Whereas, beryllium up to a concentration of 3 x 10*® 
cm'  ^ produced insignificant changes to the diffusion. In the case of beryllium, the 
impurity was introduced by ion implantation at an implant energy of 400 keV.
1.60 The effect o f  the capping layer on the interdiffusion.
A crystal of GaAs held at a sufficiently elevated temperature suffers As 
evaporation at the surface causing material degradation. Likewise, a crystal of InP held 
at high temperatures suffers the evaporation of P atoms at the surface also resulting in 
crystal degradation. To prevent the evaporation of As or P during annealing, a capping 
layer is deposited. This capping layer is usually either SiOj or Si^N^.
Diffusion studies conducted with either a SiO  ^or a cap have revealed that 
the SiOj encapsulant is inferior when compared with Si^ N^ , [45]. Most of the work in 
this field has been centred around GaAs with only a handful of papers which have 
investigated the intermixing of InP with different encapsulants. The increased
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intermixing associated with some encapsulants has been thought to be associated with 
the outdiffiision of gallium from the GaAs layer, [46, 47]. Some groups observed the 
outdifhision of gallium through both SigN^  and SiO^, [48].
The only study, to my knowledge, which specifically deals with the effect of an 
encapsulant on the intermixing in a T/Q material system, is that undertaken by Gillin et 
al., [49]. In this study the effects of a Si^ N^  encapsulant was compared with that of an 
uncapped sample, both structures being annealed as a batch in a phosphine ambient 
AP-MOCVD, reactor. PL shifts of the InGaAs quantum well with InGaAsP barriers 
were monitored with annealing time. Their findings concluded that intermixing data 
obtained from Si^ N^  capped samples agreed with the uncapped sample, and thus can be 
applied to interdiffiision which occurs during growth conditions.
1.70 Conclusions o f the literature review.
From the vast array of data accumulated for III-V interdiffiision, groups are 
tending to agree that it is controlled by vacancies. The wide ranging activation energies 
obtained by many groups can be probably attributed to the small temperature ranges 
over which many groups collect data, and also the methods employed to investigate 
intermixing.
In this study we have decided to use encapsulants for our anneals as this 
has shown to be the same as annealing under a phosphine ambient. We have employed 
a non-destructive technique of PL, to monitor the PL shifts of a 100Â quantum well 
due to annealing. The results were modelled by assuming Pick's law was obeyed and 
that the diffusion was not concentration dependent. This assumption is later tested.
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Chapter II 
Experimental Methods & Techniques.
2.00 Introduction.
To measure intermixing, a repetitive procedure of annealing followed by PL 
has been used throughout this thesis. This procedure then allowed us to monitor the 
shift in PL emission energy of a single 10 nm quantum well of InGaAs or InGaAsP.
All the samples used in this thesis were grown by MOCVD at a standard 
growth temperature of 650 °C. More details regarding the growth of the samples will 
be provided in section 2.20. After growth, the wafer was capped with a Si^ N^  
encapsulant, deposited by PECVD at a deposition temperature of 300°C. The cap 
protected the sample from arsenic and phosphorus evaporation during high tSmparaWe 
anneals. After encapsulation the wafer was cleaved to form 25 mm  ^samples. A single 
sample was used for each anneal temperature for a diffusion experiment. The 25 mm  ^
sample was attached to a sample-arm and placed inside a cryostat which was cooled by 
LNj to 80K. A standard PL set-up using an argon ion laser was used to provide an 
initial PL spectra of the sample. Annealing took place in either a RTA furnace, under a 
nitrogen ambient, or a conventional furnace with flowing nitrogen gas. After annealing, 
the PL of the sample was again obtained at 80K and shifts in the PL peak due to the 
annealing could then be measured. This process was repeated several times to allow us 
to monitor the shift in PL peak as a function of anneal time.
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I will now describe in detail the growth and structure of the samples used in 
this thesis and then go on to describe PECVD growth and ion implantation. The PL 
set-up used as well as the RTA and conventional furnaces used will be discussed.
2.10 MOCVD growth
The samples used in this thesis were all fabricated by MOCVD at a growth 
temperature of 650°C. MOCVD involves a chemical reaction between a group III 
metal alkyl and a group V hydride. It is a commercially used process for the growth of 
semiconductors producing both good uniformity and a large throughput. Both alkyl 
and hydride gases are transported in to the reaction chamber using a carrier gas, 
usually Hj, where they decompose over a r.f. heated substrate. Computer controlled 
mass flow controllers manage the gas flows in to the reaction chamber. Growth of the 
layers occurs at an approximate rate of 1-10 pm/hr., [1] see figure 2.10.
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Figure 2.10. A schematic layout o f a typical MOCVD reactor used to grow III~V 
semiconductors. (After reference 1). Alkyl and hydride gases are transported into the 
reaction chamber using gas, where they decompose over a r .f heated substrate.
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2,20 The Samples,
The samples used in this work were provided by Bell Northern
Research Europe, (BNRE) Ltd. All samples were fabricated off InP substrates which
were either tin or sulphur doped to a level of about 7 x 10’® cm'  ^ . The tin doped
substrate had an EPD of about 3 x lO'’ cm'^ , [2], and the sulphur doped substrate had
an EPD of about 100 cm' ,^ [2]. In all cases the group-III sources were trimethylindium
and trimethylgallium, while the group V sources were phosphine (100%) and arsine
(5% in Hj). All layers were grown at a standard growth temperature of 650°C. The
samples consisted of a 10 nm SQW with 100 nm barriers. The samples were designed
to characterise intermixing on both the group III and group V sublattices. An
InGaAs/InGaAs sample was fabricated to characterise group III intermixing in a T/T,
material system. An InGaAsP/InGaAsP sample, fabricated with the same composition
of As-P ratio in going from the well to the barrier, was used to characterise group III
intermixing in a Q/Q, material system. An InGaAs/InGaAsP, (T/Q), material system
fabricated with a constant In-Ga ratio in going from the well to the barrier was
fabricated to investigated intermixing on the group V sublattice. In separate
experiments, implants of gallium and arsenic were implanted into the quantum well
region of the Q/Q and T/Q samples to observe any affect of these ions upon the
intermixing. All ions were implanted using the University of Surrey's ion implantation
facility. The effects of zinc incorporated during MOCVD growth was investigated in a
T/Q sample using diethylzinc, (DEZn) as the dopant.
The T/T sample consisted of a 1000 nm InP buffer layer followed by 100 nm of 
lattice matched InQ3 3Gao^ .yAs. On this was grown a 10 nm 1% strained quantum well of 
Inog^ Gag jjAs, and on this was a further 100 nm of Ino jjGag^^As, and finally 50 nm of 
InP was deposited to stabilise the surface during cooling in the growth reactor. The
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Q/Q sample consisted of a 1000 nm buffer layer followed by 100 nm of lattice matched 
InoggGaog^ AsoyjPojs- On this was grown a 10 nm 1% strained quantum well of 
Ino 7pGao 2 iASo 75Po.2 5 , and on this was a further 100 nm of v^ P^  and finally
50 nm of InP. These structures were grown on both sulphur and tin doped substrates 
to look for any effect on the interdiffusion from the substrate type, [2]. The T/Q 
sample was fabricated on a (100) sulphur and tin doped InP substrate and consisted of 
a 1000 nm InP buffer layer followed by 100 nm of unstrained Ing ggGao g^ Aso^ Pq^ . On 
this was grown a 100 nm, 1% strained, quantum well of In  ^g^ Ga^  As, and on this was 
a further 100 nm of In  ^g^ Gao^ gAso ^ Po^  and finally 50 nm of InP, which was again grown 
to stabilise the surface during cooling in the growth reactor. The structures fabricated 
are shown schematically in figure 2.20.
Implants of gallium and arsenic ions into the quantum well region were made 
using 255 and 260 keV ions, respectively, to a dose of 1 x 10’^  cm' .^ Zinc was 
incorporated during MOCVD to a concentration of 10’® cm' .^
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silicon nitride capping layer | Î500 nm
InP (capping layer) <* 50 nm
InGaAs or InGaAsP (Barrier) ,^100 nm
InGaAs or InGaAsP (Q. W) ' ) 10 nm
InGaAs or InGaAsP (Barrier) J^ 100 nm
Buffer Layer ic 000 nm
<
InP substrate (tin or sulphur doped)
Figure 2.20, A schematic showing the cross-sectional view o f the samples used in 
this study to investigate the interdiffiision. The EPD o f the tin and sulphur doped 
substrates was 3 x 10‘* and 100 cm'\ respectively. In all cases, there was a 1% strain 
between the Q. W and the barrier layers.
2.30 Ion Implantation,
Ion implantation is a technique using high energy ion beams to dope or modify 
the near surface regions of materials. The main strengths of this technique are its 
excellent control and the reproducibility of the implanted species. Additionally, the 
physical processes that cause the ions to slow down and eventually come to rest within 
the solid can be accurately modelled. As a consequence, it is possible to achieve 
specific impurity and defect concentration-depth profiles with great precision and good 
lateral uniformity. The main disadvantage associated with the ion implantation process 
is the lattice damage created by the ion implantation which requires a high temperature 
anneal step to remove. Another disadvantage is that the ion penetration is not the same 
in all crystal directions due to channelling. The distribution of the implanted ions in
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depth can be approximated to a Gaussian shape, [3]. The Gaussian distribution is 
characteristic of the energy of the incoming ion and the mass and atomic number of 
both the ion and target atoms, and is described by the average projected range, Rp , 
and the standard deviation of the projected range, ARp. A number 
of calculations such as SUSPRE, exist which estimate both Rp and ARp. The impurity 
concentration, C(x) at a depth x from the surface when implanted with N^ , atoms/cm^ is 
given by:
" (x-Rp)^C ( x ) = — —  expARpÆ 2AR p^ J
2.31
In open crystal lattices such as the FCC, ions can travel great distances, much 
greater than Rp if they are directed along one of the major crystallographic axis. 
Channelling is avoided by tilting the target sample with respect to the beam in a 
non-channelling direction so the target appears pseudo-amorphous. An angle of 7° 
with respect to the substrate is commonly used, [4].
Implants of gallium and arsenic were all performed on the University of 
Surrey's 500 kV ion implanter. Figure 2.30 shows the schematic diagram of the 
implanter used. The implanter consisted of a Nielsen type gas source linked to a small 
oven which contained the element to be implanted. The element, (which was in solid 
form), was heated and then ionised. It was extracted through an aperture and then 
focused by an Einzel lens. The ion beam was then accelerated down an acceleration 
tube which had a high electric field along it and passed through to a high B-field 
magnet. A magnet is used to separate the unwanted ion mass species and then the 
desired ion beam is passed through a narrow slit. The ion beam was made to strike a
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'dummy wafer' and rastered using two sawtooth waveforms applied to a set of X and Y 
electrostatic scanning plates.
The beam current was monitored as the current between the sample and earth 
and was displayed on a microammeter. A current integrator was used to measure the 
total implant dose. A pneumatically operated gate-valve started the implantation and 
automatically shuts-ofF when the required implanted dose had been achieved.
2.40 PECVD encapsulation.
During high temperature annealing evaporation of phosphorus and arsenic from
the surface of a semiconductor would degrade the surface quality of the material,
eventually resulting in total degradation of the material. In order to prevent this from
occurring a capping layer of Si^ N^  is deposited. The Si^ N^  is formed by the reaction
between silane and ammonia:-
3 SÎH4 +  4N H 3 ->  S13N4 + I2H2 t  2 40
This reaction occurs at a temperature of 300®C when grown in a PECVD 
system. By controlling the relative amounts of silane and ammonia flowing into the 
PECVD system, we can control the thickness and refractive indices of the Si^ N^  
encapsulants grown. The samples used in this study were capped in batches and after 
encapsulation were checked visually for any pin holes. Using an ellipsometer we 
measured the film thickness and refractive index of the cap grown. A refractive index 
of 2.0 to 2.1 was deemed to be satisfactory. A film of thickness of 500À was grown on 
the front surface and a film with a thickness of IOOOÂ grown on the back surface of 
the sample.
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Fi^wre 2.30. A schematic o f the 500 kV ion implanter at the University o f Surrey 
used to implant ions o f arsenic and gallium into the samples. (After reference S).
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2.50 Photoluminescence.
The PL apparatus used in this thesis to investigate intermixing is shown in 
figure 2.50. It consisted of a Spectra Physics 2025 continuous wave argon ion laser 
operating at 488 nm and usually at a power of 100 mW. The laser spot size being 
approximately 0,01 cm ,^ impinging on the sample, giving a power density of the order 
10 Wcm' .^ A chopper operating at 330 Hz modulated the laser beam and provided a 
reference for the lock-in amplifier. The modulated laser beam passed through a series 
of lenses which focused the laser light upon the sample through a glass window of an 
Oxford Instruments CF1204 continuous flow cryostat which houses the sample at a 
temperature controlled 8OK. The dispersed luminescence from the sample was then 
collimated and focused upon the entrance slits of a spectrometer. The slit width on the 
spectrometer was usually set to 1000 pm which provided a resolution of 1.6 meV. The 
signal from the spectrometer was detected using an Applied Detector Corporation 
Model 403 Germanium PIN diode, cooled by LNj to 77 K. The signal from this was 
fed into the lock-in amplifier.
Software written in Microsoft Quickbasic was used to control the spectrometer 
drive box, the temperature controller and the data from the lock-in amplifier via an 
IEEE-488 bus. This allowed the manipulation and storage of the PL data. The PL 
spectra obtained had to be corrected because of the changing response of the detector 
and grating at different wavelengths. This was achieved by placing a tungsten halogen 
lamp in front of the entrance slits of the spectrometer and scanning over the entire 
wavelength response of the detector. The system response was compared to the 
spectral distribution of the lamp according to Planck's law, (assuming the lamp to be a 
perfect black body), see figure 2.51. By division of the system response by the Planck
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derived curve, a correction curve was produced, see figure 2.52. By multiplying each 
point of the PL spectra by the correction factor we obtain the spectra corrected for the 
system response at that wavelength. A typical PL spectra from the samples is shown in 
figure 2.53.
Optical
chopper
Cryostat
Ge PIN detector
Laser
printer
Temperature
controller
Lock-in amplifier
Computer
Spectrometer
Electrical path 
Optical path
Figure 2,50. A standard PL set-up used to monitor the PL shifts due to diffusion, A 
computer is used to control the spectrometer and collect the signal from the PIN 
detector, via a lock-in amplifier.
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Figure 2,51. The spectral response o f the system is compared with the spectral 
response o f a perfect black body emitter by placing a tungsten halogen lamp in front 
o f the entrance slits o f the spectrometer and scanning over the entire wavelength 
response o f the detector.
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Figure 2.52. The corrected response o f the detector is obtained by dividing the 
spectral response o f the detector by the spectral response o f a perfect black body.
33
. 8
.7
.6
.5
CO
.ê ' .3CO
.2
.1
0
1600 1650 1700 1750Waveleagth (tun)
Figure 2.53. A typical output PL spectra obtained displayed on a computer, the PL 
spectra being that o f either a InGaAs or InGaAsP quantum well
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2.60 Annealing.
For temperatures greater than 700°C, the samples were annealed using a RTA 
system. The RTA, shown in figure 2.60 consisted of two graphite strips which were 
restively heated by a transformer. The temperature of the strips was monitored using a 
dual colour optical pyrometer, which produced a DC voltage proportional to the 
temperature of the strips. The RTA system was calibrated at the melting points of gold 
and silver and was found to be accurate within ±5°C. The anneal time was measured 
fiom the point when the pyrometer indicated the desired temperature. The rise and fall 
time of the system are short, with a rise time of approximately 3 seconds over a 
temperature range of 700 to 1000°C and a fall time of 5 seconds over the same 
temperature range. A negligible fraction of the diffusion occurred over this rise time if 
the anneal time was greater than 10 seconds. Before annealing the chamber was 
evacuated to 10 * torr and then back filled with nitrogen. In order to reduce scatter in 
our diffusion experiments, a full set of data was obtained at a given temperature before 
the fiirnace temperature was reset. By averaging over many data points, we improve 
the accuracy of the diffusion coefficients.
For temperatures less than 700°C the samples were placed as a batch, on a 
quartz boat and placed in a conventional furnace with nitrogen flowing throughout the 
duration of the anneal. For anneals which were greater than 1 week duration, the 
samples were vacuum sealed in glass ampoules in a volume of approximately 5 cm'\
Prior to sealing the samples in the ampoules, the glassware was cleaned 
thoroughly using miroclean and rinsed several times in de-ionised water. A nitrogen 
gun was then used to dry the glassware thoroughly. The glass tubes were then 
backfilled with nitrogen prior to sealing and were then evacuated with a standard 
Edward's rotary pump. The samples were then sealed, using a standard oxy-acetylene
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kit, at a vacuum pressure of approximately 10 * Torr. Figure 2.61 shows the apparatus 
used.
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To Vacuum Pump
Sample
Current outDouble Graphite Strips
Current in
Figure 2.60. A schematic o f the RTA apparatus used to do anneals at temperatures 
greater than 700°C. The sample to be annealed was placed, face down, between two 
graphite strips. Annealing occurred under a ambient.
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Figure 2.61. A schematic o f the apparatus used to vacuum seal the samples in glass 
ampoules, using a oxy-acetylene kit, ready for the week-long anneals.
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Chapter III 
Modelling the interdiffusion
3.00 Introduction.
To model the interdiffused well shape an assumption has to be made regarding 
the diffusion behaviour and the subsequent shape of the well after a high temperature 
anneal
In this chapter we look at the mathematics of diffusion starting with Pick's first 
and second laws of diffusion. We look at a solution for a thin film using Pick's law. By 
representing the quantum well by a unit step function, the diffused profile of the 
quantum well is given by the summation of an infinite number of thin films.
3.10 Fick*s Laws.
If we had an inhomogeneous single-phase alloy which was heated for some 
period of time, t, it will eventually become a single phase alloy with no concentration 
gradient. To mathematically model this problem. Pick assumed that the amount of flux 
passing a single plane is proportional to the concentration gradient across that plane 
and obtained a solution;
J 1 = - D 1 ÔCi 3.11ÔX
here is the flux of component 1, D, is the diffusion coefficient and c, is the 
concentration of the species. Equation 3.11 is termed Pick's first law of diffusion. If 
we consider a problem in which the concentration changes with time, the above
40
equation is in a form which is not convenient to use. For such a problem, Pick's second 
law, (equation 3.12) is used;
8c t>8^c
S F = ° ^  3.12
I have not dealt here in any great detail with the origin of the equations, for such a 
review the reader is referred to such books as Shewmon, [1], Crank, [2] and Jaeger, 
[3].
3.20 The solution for a thin film  (a Dirac-delta function).
If we assume that our quantum well is infinitely thin so that it resembles a 
Dirac-delta function, we can show that for such a system with a constant diffusion 
coefficient, D, the diffused profile is given by the gaussian expression: (A solution for 
this can be found in any books on diffusion such as Shewmon, [2], so I will not 
attempt to derive it from first principles, but will simply state it in its entirety:)
where x is the distance in either direction normal to the psdf)£. , Cq is the initial 
concentration. The diffusion coefficient is denoted by D and t is the diffusion time. We 
can show that equation 3.20 is a solution to Pick's law by substituting it back into 
equation 3.11.
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3.30 The diffused profile o f  GoAs/InGoAs and InGaAs/InGaAsP.
If one now takes a unit step function, it is possible to divide this into an infinite 
number of delta functions and by integrating over all space:
3.30C(x,t) = J ^ e x p  ( - T | dr\
where ri = (x-C )/2VDt. We find that the integral cannot be evaluated in a simple 
manner, however, it is very similar to the error function which is defined as:
er f(x )= -^  exp(“rj^ )dT] 3.31
as erf (qo) = 1 and erf (-z) = -erf (z), we obtaim #d;ffused profile to be:
C(x,t) = Ç 1 + erf .2VDt, 3.32
If we make a mirror image of the unit step function we can see that it 
mathematically represents a quantum well, (for example InGaAs) with infinite barriers , 
(for example GaAs), see figure 3.30.
To Infinity 
B arrie r Q u a n tu m  w ell  ^   ►
To Infinity
Barrier
M i r r o rLi ne
Figure 3.30. The orginal problem o f the concentration profde o f a unit step 
function is that o f a quantum well with infinite barriers.
42
The analytical solution for such a problem can be shown to be, [4]:
C ( z ) = ^ erf  ^ h-z  ^KljDt + erf 2 jD t . 3.33
where is the initial indium concentration, 2h is the well width, z is the distance in the 
growth direction, z=0 at the well centre, and 2>/dF is termed the diffusion length, L^. 
The diffusion of an InGaAs quantum well with InGaAsP barriers can be
described by, [5]
C(z)=C b + - t e ) - - t e ) 3.34
where C(z) is the arsenic concentration, Cg and are the arsenic concentrations in
the barrier and well respectively, 2h is the well width and z is the distance in the 
growth direction and again 2 Vd F is L^ ,.
We have shown using Pick's laws that the diffusion of a InGaAs quantum well
with GaAs barriers can be described by a simple expression such as that given by
equation 3.33, and a quantum well of InGaAs with InGaAsP barriers can be described
by an expression as that given by equation 3.34.
In the next chapter we will describe how to convert a PL shift into a
corresponding diffusion length.
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Chapter IV 
Calculation of interdiffusion parameters.
4.00 Introduction.
In order to convert the experimentally determined PL shifts to difftision 
lengths, we need to model how we would expect the well to diffiise and then compare 
our data to that model.
To construct such a model we need to solve the difftision equation for our 
quantum wells. This can be done using equation 3.34» for any diffusion length. Once the 
composition profile has been calculated, the Van de Walle model solid theory [1] is 
used to calculate how the conduction band and valence band vary across the difftised 
well and the interpolation scheme of Krijin, [2] is used to calculate the effective 
masses. Once this has been achieved, the Schrodinger equation can be solved to find 
the confined states and thus the PL energy of the diffused well. This is repeated for a 
number of diffusion lengths so that a graph of theoretical PL shift versus diffusion 
length can be made. This graph can then be used to convert our measured PL shifts 
into diffusion lengths.
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4.10 Calculating the Diffusion coefficient.
As the diffusion length is defined as Ld = 2 ^ 5 7 , we can then plot our 
calculated L^'s at a given temperature as versus t, and if our model is correct we
should get a straight line with a gradient of 4D.
The remainder of this chapter gives details of the Van de Walle model solid 
theory and of the method used to solve the Schrodinger equation.
4.20 Van de Walle model solid theory.
We will discuss the model solid theory to a limited extent, for a more 
comprehensive review the reader is referred to Van de Walle [1]. The model solid 
theory is a theoretical model used to predict the band offsets for both lattice matched 
and pseudomorphic layer interfaces.
The model solid theory has two main aspects. Firstly the generation of an 
accurate band diagram for the alloy; and second, the alignment of this band 
diagram on an absolute energy scale.
The generation of a. band structure can be assumed to be fairly accurate, in
that the band gap energy variation with composition of both the quaternary and ternary 
is confirmed using PL spectra and is found to agree well with the nominal 
compositions grown during MOCVD. The second part of the model solid theory is 
that of establishing an absolute energy scale. This provides a reference level to which 
all band energies can be referenced to. The common reference is accomplished by 
modelling the solid as a superposition of neutral atoms. In each atom, the potential is 
defined with respect to the vacuum level. In this "model solid", the average potential is 
then just the superposition of these neutral atoms. By the construction of a
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pseudomorphic layer on a substrate, for example an InGaAsP layer on a InP substrate, 
the bulk band structures are then aligned according to these average potentials. This 
allows us to determine whether, in the case of heterostructures, we are dealing with a 
type I or type II band structure, [3].
Van de Walle's paper deals mainly with binary compounds. The materials that 
we used in our work were ternary and quaternary compounds. So we need to have a 
method by which we could interpolate the binary data and apply it to our ternaiy and 
quaternary material systems. M.P.C.M Krijn , [2] devised an interpolation scheme 
which used a theory based on the results of Van de Walle. The valence band offsets 
were obtained from this method, followed by the energy gap, interpolated via the band 
gap energies of the ternaries. By the addition of the valence band offset and the 
interpolated energy gap, we obtain the conduction band offset. The effective masses, 
(m*) were determined as a linear interpolation of the binary m*. This model also took 
into account the effect of strain on the energy levels.
4.30 The Time-Independent Schrodinger Equation.
Having established an absolute energy scale and interpolated the various energy 
gaps and effective masses, we need now to calculate the positions of the confined 
energy states in both the conduction and valence bands. This is accomplished by 
solving the Schrodinger equation using a shooting method.
The background to the Schrodinger equation can be found in many books on 
quantum mechanics, such as Eisberg et al., [4]. Here we will just quote Schrodinger's 
equation for completeness. In one dimension, the time independent Schrodinger's 
equation can be expressed as
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d"Y(x)
2m* dx2 + V^(x) = ET(x) 4.30
where h  is equal to ^  and h is Planck's constant, m* is the effective mass, V is the 
potential energy function which describes the forces acting on the particle of interest, E
is the energy of the particle of interest and \|/ is a wavefunction. For an infinite square
well the wavefunctions have a minimum at the edges of the well, figure 4.30(a). In a
finite square well the eigenfunctions extend into the barriers never converging to zero
but approaching close, figure 4.30(b). For a square well defined by the conditions in
section 3.30, a simple numerical method can be used to obtain the confinement energy
of the n = 1 electron energy level in the conduction band and the hhl = 1 heavy hole
level in the valence band, (this principle can be used to obtain all other energy levels
and is not restricted to the n=l and hhl=l levels). For a diffused, non square well, a
'shooting method' can be employed to calculate the confinement energies, E in both the
conduction and valence bands. When calculating the position of the energy levels and
hence the profile of the wavefunctions, we need to take into account the fact that \\f
converges towards zero but never approaches it.
V'sW
Figure 4,30. The eigenfunctions o f (a) an infinite and (b) a non-infinite quantum 
well
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4.40 Numerical solution.
It is apparent from our problem that at the centre of the well, x = 0, the
potential as well as the eigenfunction is symmetrical about this point. This simplifies
our calculations because we only have to calculate the eigenfunction for values x > 0.
To begin calculating the position of the energy level for hhl = 1 and n=l energy levels
at the point x = 0, we set ^  = 0 and \}/ can be assumed to be any non-zero value, 
usually 1, for the valence and conduction bands respectively.
Equation 4.30 is a second order differential equation and cannot be solved in the form 
shown above. By using two coupled first order equations, the second order equation 
of 4.30 can be solved easily. This is achieved using equations 4.40 and 4.41.
4,40
T(x), = d x ( ^ )  + Y(x)dx
where i is the initial value and n is the new value of the eigenfimction.
The first stage is to divide the potential across the well in to a number of steps, 
in our case 700, each being 1Â wide. An initial guess is made as to the position of the 
energy level. We start at E = 0. The profile of the eigenfunction is then calculated, at x 
= 0 with the initial values;
* E = 0
* f =0
* W =  1
using equations 4.40 and 4.41. The previous values are used to calculate the new value
of which is then substituted back in to equation 4.40. x is then incremented by 0.1 and 
the new value of \|/ and ^ i s  calculated at that point. This process is repeated until x = 
700. By printing the value of v|/ at each value of x we obtain a profile of how the
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eigenfunction behaves when E = 0. Since this assumed initial energy is too small for
the position of the n = 1 eigenfunction, it will diverge away from zero to + 0 0  as x
increases to larger values. The next assumed energy level is then increased by dE, in
our case this was 10 meV and the whole calculation repeated. When the eigenfunction
is noted to diverge in the opposite direction, - 0 0  as x increases, dE is then set to -dE/2
and the whole procedure repeated until the divergence of the eigenfunction changes
once more. This iterative process is repeated until the energy step becomes less than
0.1 meV, which is better than the resolution for our experiments. Schrodinger's
equation is not just limited to finding the eigenfunction of el = 1 and hhl = 1, other
confined states in a quantum well can be determined. For example, for the n = 2 state, 
we have ^ = 1  and v[/ = 0 at x = 0. For different values of we can calcualte the 
confinement energies and thus obtain the variation of PL shift with L^. This 'calibration
curve' is shown for the InGaAs/lnGaAs material system in figure 4.41.
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Figure 4.41, The calibration curve used to convert the observed PL shifts into 
corresponding diffusion lengths for the InGaAs/InGoAs material system.
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Chapter V 
Experimental results.
5.00 Introduction.
This chapter presents the results obtained for the investigation of the thermal 
stability of InP based material systems. A process of repetitive annealing coupled with 
PL measurements was employed to observe the shift of the quantum confined n = 1 
electron to hhl = 1 heavy hole level in the InGaAs/InGaAs, InGaAsP/InGaAsP and 
InGaAs/InGaAsP material systems. The results were modelled assuming that the 
intermixing process was concentration independent and obeyed Pick's second law of 
difftision. These assumptions were later verified.
Annealing and PL measurements were performed on a single sample, so as to 
follow the evolution of the difftised well and hence the confined quantum states as they 
moved with time due to the anneal. Results were obtained for an InGaAs/InGaAs, 
(T/T) material system, a InGaAsP/InGaAsP, (Q/Q) material system and a 
InGaAs/InGaAsP, (T/Q) material system, all grown on tin and sulphur doped 
substrates. We investigated the effect of zinc doping on the T/Q material system by 
introducing zinc atoms in the quantum well region during MOCVD growth and looked 
at the effects that this may have on the intermixing. The effects of gallium and arsenic 
ions on the interdiffusion were investigated as these have been reported in the literature 
to enhance interdiffusion.
The experiments conducted are summarised in table 5.0.
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Material system. Diffusion sublattice 
and system.
Substrate doping 
type.
InGaAs/InGaAs group III (T/T) sulphur
InGaAs/InGaAs group III (T/T) tin
InGaAsP/InGaAsP group m  (Q/Q) sulphur
InGaAsP/InGaAsP group m  (Q/Q) tin
InGaAs/InGaAsP group V (T/Q) sulphur
InGaAs/InGaAsP group V (T/Q) tin
InGaAs/InGaAsP group V (T/Q) 
(zinc doped)
sulphur
InGaAs/InGaAsP group V (T/Q) 
(zinc doped)
tin
InGaAsP/InGaAsP group III (Q/Q) 
Unimplanted 
10'*cm'  ^of As  ^
10'*cm'  ^of Ga^
tin
Table 5.0. A summary o f all the samples investigated in this thesis. T/T represents 
a ternary/ternary, Q/Q represents quaternary/quaternary and T/Q represents 
ternary/quarternary material systems.
In the case of the samples which were doped with zinc, a doping concentration 
of 10'* atoms cm'* was used. The 'diffusion sublattice' in the above table refers to which 
group is intermixed; group III sublattice difftision refers to group III diffusion, and 
group V sublattice refers to diffusion of the group V, Ga  ^ and As"" were implanted in 
the quantum well region using implant energies of 255 and 260keV, respectively, to 
keep the implant profile in the centre of the well.
5.10 The InGaAs/InGaAs material system.
This material system consisted of lUgg^ Gag^ ^As barriers which enclosed a 
Ino6?Gao3 3As quantum well. This material system was designed to look at the 
interdiffusion on the group III sublattice. The PL from the In^g^Gao^gAs quantum well
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shifts to higher energies with increasing anneal time as can be seen from the PL 
spectra shown in figures 5.11 and 5.12 for T/T sulphur and tin doped InP substrates 
respectively. By measuring the PL shifts for a given anneal time, (t), and converting 
them into corresponding diffusion lengths, (Lj^ ), by the curve shown in figure 5.13, we 
can plot the data as L^  ^versus t, the gradient of which yields the diffusion coefficient. 
Plots of Lp  ^versus t for various temperatures are shown in figures 5.14 and 5.15 for 
the T/T samples fabricated on sulphur and tin doped InP substrates respectively. 
Diffusion coefficients were obtained over a temperature range of 500-1000°C for both 
the sulphur and tin doped substrates and are summarised in table 5.10.
Anneal
Temperature
r c )
Diffusion Coefficient, D x 10 ^^(cmVQ
tin substrate sulphur substrate
1000 154±10.0 1383=10.0
950 753=5.4 1083=78.0
900 17.43=17.0 9.293=2.20
850 18.83=0.9 19.63=1.2
800 0.293=0.03 1.663=0.1
750 0.423=0.7 1.123=1.20
700 0.1853=0.03 0.383=0.12
600 0.000813=0.00002 0.00053=0.00003
500 - 0.00007853=0.000002
Table 5.10. The diffusion coefficients obtained for the InGaAs/InGaAs material 
system are summarised for both the tin and sulphur doped InP substrates.
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Figure 5.11, A plot o f the PL shifts obtained for the T/T sample fabricated on a 
sulphur doped InP substrate for an anneal time o f 850°C for 40 and 150 seconds, 
respectively. The peaks are seen to shift to higher energies as the anneal time 
increases because, o f a modification o f the well shape.
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Figure 5.12. A plot o f the PL shifts obtained for the T/T sample fabricated on a tin 
doped InP substrate for an anneal time o f 850°C for 40 and 150 seconds, 
respectively. The peaks are seen to shift to higher energies as the anneal time 
increases because, o f a modification o f the well shape.
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Figure 5.13. The curve used to convert PL shifts into corresponding L^for the T/T 
material system fabricated on both sulphur and tin doped InP substrates.
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Figure 5,14. The variation o f L f  against t for the T/T sample fabricated off a
sulphur doped InP substrate for various anneal temperatures. The gradient o f the
lines reveals the diffusion coefficient o f intermixing at that temperature.
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Figure 5.15. The variation o f against t for the T/T sample fabricated o ff a tin
doped InP substrate for various anneal temperatures. The gradient o f the lines
reveals the diffusion coefficient o f intermixing at that temperature.
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5.20 The InGoAsP/InGoAsP material systenu
This material system was designed with a zero concentration gradient on the 
group V sublattice, so the shift in PL with annealing would be solely due to 
interdiftusion of the group III sublattice. This structure consisted of lOOnm 
InoggGao3 4Aso7 5?o2 5 barriers with a lOnm, 1% strained quantum well of 
Iuq 7 9Gao 2 i ASo 7 5?o2 5 , fabricated on a sulphur and tin doped InP substrate.
The shift in the PL peak due to annealing is shown in figures 5.21 and 5.22 for the 
sulphur and tin doped substrates, respectively. It can be seen from the PL spectra that 
the peak moves to liigher energies with increasing anneal time indicating a modification 
in the well shape as time progresses. The PL sliift can be converted into a 
corresponding diffusion length by the curve shown in figure 5.23. Plots of L^  ^against t 
are shown for several temperatures in figure 5.24 and 5.25 for tin and sulphur doped 
InP substrates. The gradient of the straight line plots yields the diffusion coefficients of 
interdiffusion. The diffusion coefficients are summarised in table 5.20 over a 
temperature range of 500-1000°C.
Anneal
Temperature
(°C)
Diffusion Coefficient, D x 10 (cm^s'^)
tin substrate sulphur substrate
1000 366±10.0 4373=10.0
950 67.03=1.7 48.63=8.7
850 15±1.5 253=5.3
800 4.73=0.7 7.633=0.8
750 0.8253=0.08 0.4673=0.02
700 0.1273=0.008 0.0663=0.09
600 0.00133=0.0001 0.002230.0005
500 0.00004853=0.000006 0.000035830.000029
Table 5.20. Summarising the results obtained for the InGaAsP/InGaAsP material 
system for both the tin and sulphur doped substrates.
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Figure 5.21. The variation o f PL shift with increasing anneal time for the Q/Q 
sample fabricated o ff a sulphur doped InP substrate at an anneal temperature o f 
850°C for 70 and ISO seconds, respectively. The PL peaks are observed to shift to 
higher energies because o f a modification o f the well shape due to high temperature 
annealing.
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Figure 5.22. The variation o f PL shift with increasing anneal time for the Q/Q 
sample fabricated off a tin doped InP substrate at an anneal temperature o f 850°C 
fo r 30 and 100 seconds, respectively. The PL peaks are observed to shift to higher 
energies because o f a modification o f the well shape due to high temperature 
annealing.
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Figure 5.23. The curve used to convert the PL shifts into corresponding L^for the 
Q/Q samples fabricated off sidphur and tin doped InP substrates.
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Figure 5.24, The variation o f L f  against t fo r the Q/Q sample fabricated off a
sulphur doped InP substrate at various anneal temperatures. The gradient o f the lines
reveal the diffusion coefficient o f intermixing at that temperature.
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Figure 5.2S. The variation o f L f  against t fo r the Q/Q sample fabricated off a
doped InP substrate at various anneal temperatures. The gradient o f the lines
reveal the diffusion coefficient o f intermixing at that temperature.
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5.30 The InGoAs/InGoAsP material system.
Previous work has been carried out on this material system by the Surrey 
group, [1], fabricated on a tin doped InP substrate. The structure was designed with a 
constant group III sublattice so as to monitor the interdifRision on the group V 
sublattice.
The PL peak shifts due to annealing are shown in figures 5.31 and 5.32 for the sulphur 
and tin doped InP substrates. As before, the PL peaks shift to higher energies as the 
annealing time progresses due to a modification of the well shape. The PL peak shifts 
can be converted into corresponding diffusion lengths by the curve shown in figure 
5.22. The variation of L^  ^with t is shown for several temperatures in figure 5.34 and 
5.35 for the sulphur and tin doped InP substrate. The gradients of the straight line plots 
yield the diffusion coefficients of interdiffusion. Diffusion coefficients were obtained 
over a 500°C temperature range. The previous results [ 1 ], are summarised in table
5.30 along with the study done in this thesis on the sulphur doped InP substrate.
Anneal
Temperature
CC)
DifiTusion Coefficient, D x 10 (cmV^)
(tin substrate) (sulphur substrate)
1 0 0 0 440±16.0 372=fc22.0
950 106±59.0* 246±18.0
900 37.1±5.0* 50.7±22.0
850 I0.0±1.7* 7.14db0.12
800 1.45±0.06* 1.74±0.16
750 0.167±0.017* 0.208±0.03
700 0.0162±0.002* 0.0193=t0.001
625 0.00188L0.0005* 0.00616^0.0001
550 0.0000217^=0.00002 0.0000278^=0.00003
500 0.0000229±0.0000003 0.0000477=1=0.000018
Table 5.30. The diffusion coefficients obtained for the InGoAs/InOaAsP material 
system fabricated on a sulphur doped InP substrate. Previous work on this material 
system, is also included with diffusion coefficients obtained at 1000°C and
500°C, increasing the temperature range to over 500°C.
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Figure 5.31. A gt'aph displaying the PL peak shifts o f the T/Q material system 
fabricated off a sulphur doped InP substrate for an anneal temperature o f 625°C for  
120 and 240 minutes, respectively. The peaks shift to higher energies as the annealing 
time increases because o f a modification o f the well shape due to annealing.
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Figure 5.32. A graph displaying the PL peak shifts o f the T/Q material system 
fabricated off a tin doped InP substrate for an anneal temperature o f 850°C for 50 
and 90 seconds, respectively. The peaks shift to higher energies as the annealing time 
increases because o f a modification o f the well shape due to annealing.
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Figure 5.33. The curve used to convert PL peak shifts into corresponding L^for the 
T/Q material system fabricated on both sulphur and tin doped InP substrates.
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Figure 5.34. The variation o f L f  against anneal time for the T/Q sample fabricated
off a sulphur doped InP substrate at various temperatures. The gt'adient o f the lines
reveal the diffusion coefficients o f intermixing at that temperature.
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Figure 5.35. The variation o f L f  against anneal time for the T/Q sample fabricated
o ff a tin  doped InP substrate at various temperatures. The gradient o f the lines
reveal the diffusion coefficients o f intermixing at that temperature.
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5.40 ItiGoAs/lnGoAsP with a zinc doped quantum well.
A 100 nm InoggGao j^ASojPo j barrier with a lOnm, 1% strained quantum well of 
IUq eeGao 3 3AS was again used to monitor group V sublattice intermixing. In this case the 
InGaAs quantum well and barriers are doped with 10*®atoms cm'  ^ of zinc, the zinc 
atoms being incorporated during MOCVD growth. As can be seen from figures 5.41 
and 5.42, the PL peaks shift to higher energies for both the sulphur and tin InP doped 
substrates, respectively. The PL peak shifts were converted into corresponding 
diffusion lengths by the curve shown in figure 5.33. Diffusion coefficients of 
intermixing were obtained from the gradients of the straight line plots of L^  ^ against 
anneal time and are shown in figures 5.43 and 5.44 for the sulphur and tin doped InP 
substrates. Diffusion coefficients were obtained over a temperature range of 
625-950°C and are summarised in table 5.40 below for both the tin and sulphur doped 
substrates.
Anneal
Temperature
(°C)
Diffusion Coefficient, D x 10 (cmV^)
(tin substrate) (sulphur substrate)
950 216±10.0* 274±10.0
900 95±12.4 -
800 - 6.93±2,0
750 0.35±0.04* 0.331±0.04
700 0.0190±0.001* 0.02543=0.009
625 0.00152^0.0005* 0.001253=0.0002
Table 5.40. The diffusion coefficients obtained for the InGaAs/InGaAsP material 
system fabricated on a tin and sulphur doped InP substrate both with a quantum well 
doped with 10^  ^ atoms cm'^ o f zinc. Previous work on this material system is 
includedfor comparison.
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Figure 5.41. A plot o f the PL peak shifts for the T/Q material system fabricated off 
a sulphur doped InP substrate with a zinc doped quantum well, annealed at 625°C for  
270 and 510 minutes. As previously, the PL peaks shift to higher energies with 
increasing anneal times due to a modification o f the well shape.
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Figure 5.42. A plot o f the PL peak shifts for the T/Q material system fabricated o ff 
a tin doped InP substrate with a zinc doped quantum well, annealed at 625°C for 390 
and 510 minutes. /If previously, the PL peaks shift to higher energies with increasing 
anneal times due to a modification o f the well shape.
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Figure 5.43. A plot o f the variation o f L f  against t for the T/Q material system 
fabricated o ff a sulphur doped InP substrate ,with a zinc doped quantum well, for  
various temperatures. The diffusion coefficients are obtained from the gradients o f 
the straight line plots.
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Figure 5.44. A plot o f the variation o f L f  against t fo r  the T/Q material system 
fabricated o ff a t in  doped InP substrate ,with a zinc doped quantum well, for  
various temperatures. The diffusion coefficients are obtained from the gradients o f 
the straight line plots.
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5.50 The InGoAs/InGoAsP material system, (gallium and arsenic implanted).
This material system was the same as that discussed in section 5.3, the only 
difference being that in this case the quantum well region was implanted with 10" cm'  ^
of arsenic or gallium ions. The PL peaks shift to higher energies as can be seen from 
the PL spectra in figure 5.51, 5.52 and 5.53, for the undoped, gallium implanted and 
arsenic implanted, respectively. The unannealed PL spectra were taken from 
unimplanted material. By converting the observed PL shifts into a corresponding L^ by 
the curve shown in figure 5.33, we can obtain the diffiision coefficients of intermixing 
from the gradients of L^  ^against anneal time. These are shown in figure 5.54, 5.55 and 
5.56 for the undoped, gallium implanted and arsenic implanted samples. Diffusion 
coefficients were obtained over a much smaller temperature range of 850°C to 750°C 
and are shown in table 5.5, along with the intercepts on the y-axis, denoted by L .^
Anneal
Temperature Diffusion Coefficients, D x 10*^ *’ (cm^s^)
unimplanted As implanted Ga implanted
850 . 10±5.7 103=0.3 
(L^=29 3= 2.8Â)
8.433=0.98
(Ld=32 3=2.9Â)
800 1.313=0.22 2.233=0.36 
(L^=23 3=4.7Â)
2.153=0.48 
(LD=31 3=3.8Â)
750 0.123=0.014
0.1793=0.033 
(Ld=26 3=3.7Â)
(1.993:0.73/ 
(0.3043=0.018/ 
0.1583=0.046 
(Lq=13 3=5.6Â)
Table 5.5. Diffusion coefficients obtained for the InGaAs/InGaAs material system
in which the quantum well region was implanted with gallium or arsenic ions. 
represents the diffusion length caused by the implant. * Represents the gradients o f the 
dashed curve shown in figure 5.55, the result o f which will be discussed in the next 
chapter.
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Figure 5. SI. The observed PL peak shifts for the T/Q undoped sample at an anneal
temperature o f 850°C for 10 and 60 seconds. The peaks shift to higher energies with
increasing anneal time.
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Figure 5,52, The observed PL peak shifts for the T/Q gallium implanted sample at
an anneal temperature o f 850°C for 20 and 60 seconds. The peaks shift to higher
energies with increasing anneal time.
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Figure 5.53. The observed PL peak shifts for the T/Q arsenic implanted sample at
an anneal temperature o f 850°C for 20 and 40 seconds. The peaks shift to higher
energies with increasing anneal time.
81
20 —
oo\ 4*
CM
15 -
00
iQ
0 100 200 300 400 500 600 700 800Anneal Time (seconds)
Figure 5.54. A plot o f L f  against anneal time, t, for the T/Q undoped sample. The 
gradient o f the straight line fits  reveal the diffusion coefficient o f intermixing at that 
temperature.
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Figure 5.55. A plot o f against anneal time, t. fo r the T/Q gallium implanted 
sample. The gradient o f the straight line fits  reveal the diffusion coefficient o f 
intermixing at that temperature. The data for the 750T  data can be fitted by two 
lines, each with a different gradient, the possible explanation for this will be provided 
in the next chapter.
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Figure 5.56. À plot o f L f  against anneal time, t, fo r the T/Q arsenic implanted
sample. The gradient o f the straight line fits reveal the diffusion coefficient o f
intermixing at that temperature.
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5.60 The InGoAsP/InGoAsP material system (gallium and arsenic doped).
This material system was the same as that discussed in section 5.2, the 
only difference being that in this case the quantum well region was implanted with 
either 10^  ^cm'  ^of arsenic or gallium ions. PL peak shifts were observed once more due 
to annealing, and are shown in figures 5.61 and 5.62 for the undoped and arsenic 
implanted samples, respectively. The observed PL peak shifts were converted into a 
corresponding L^ by the curve shown in figure 5.23. By plotting L^  ^ against t the 
gradient of the yielded the difihision coefficients of intermixing. Difiusion coefficients 
were obtained over a much smaller temperature range of 850-800°C and are shown in 
table 5.6.
Anneal
Temperature
r o
Diffusion Coefficients, D x (cm^s'f
Unimplanted As implanted Ga implanted
850 3.06±0.02 2.87±0.15 
(Ld=85 ±43Â)
4.73L0.48
(Lj,=95 ±28Â)
800 0.50^0.021
0.44±0.18 
(Lj3=72 ±26Â)
1 .1 2 m  16
(L^=71 ±30Â)
Table 5.6. Diffusion coefficients obtained for the InGoAsP/InGoAsP material 
system in which the quantum well region was doped with arsenic and gallium ions. 
represents the intercept on they axis.
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Figure 5.61, A plot o f the PL peak shifts for the Q/Q undoped material system at 
for 70 and 130 seconds. As previously noted, the PL peaks shift to higher 
energies as the anneal time increases.
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Figure 5.62. A plot o f the PL peak shifts for the Q/Q arsenic implanted material 
system at 800°C for 100 and 240 seconds. As previously noted, the PL peaks shift to 
higher energies as the anneal time increases.
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Figure 5.63, A plot o f L f  against anneal time, t, fo r  the Q/Q undoped sample at
800 and 850°C. The gradient o f the straight line fits  reveal the diffusion coefficients
o f intermixing.
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Figure 5,64. A plot o f L f  against anneal time, t, for the Q/Q arsenic implanted 
sample at 800 and 850°C. The gi'adient o f the straight line fits reveal the diffusion 
coefficients o f intermixing.
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Chapter 6 
Discussion.
6,10 Introduction,
In this chapter the results of the previous chapter are discussed along with the 
findings of other authors. We discuss the methods that other authors have used to 
quantify interdiffiision, namely, AES, SIMS and TEM. We then compare these 
destructive techniques to optical techniques such as CL and PL.
The InGaAs and InGaAsP material systems are then discussed and the 
Arrhenius plots presented, and inferences made regarding the diffusion mechanism. 
The InGaAs/InGaAsP material system incorporated with zinc is then discussed and the 
Aurrhenius plots are presented. A single Arrhenius plot is then presented which shows 
that the same diffusion mechanism occurs in all the material systems.
The effects of Ga and As implantation are then discussed and compared with 
the results of other authors. '
6,20 Methods o f quantifying intermixing.
In this study the PL results are analysed by assuming that the diffiision obeys
Pick's second law of diffusion. By measuring the PL peak shifts due to thermal
annealing, and converting them into corresponding diffusion lengths, (L J  by the
theoretical curves shown in figures 5.13,5.23 and 5.33, we were able to plot the data 
as L^  ^against anneal time, t. As L^ is defined as Lo = 2 T û t , we should obtain linear 
plots passing through the origin, with a gradient of 4D.
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As can be seen from all the graphs shown in chapter 5, this is indeed the case. This 
proves our initial assumption of using Pick's law. We also performed many anneals and 
followed the diffirsion as a function of anneal time and did not perform just a single 
anneal. This has the advantages that the diffusion coefficients are obtained to greater 
accuracy and any changes in the diffusion coefficient with time can be noted. Other 
authors who have used optical methods to estimate interdiffusion have also 
modelled their results by assuming a Pick's law diffusion process. However, in these 
studies the groups have often performed a single anneal, [1] and supposedly tested the 
Pick's law assumption. Obtaining just a single anneal does not test the Pick's law 
assumption and thus places in question the accuracy of the measured diffusion 
coefficients. In all cases the PL transition energy has moved to higher energies, [2] due 
to a modification of the basic (square) well shape, and an error function assumption 
regarding the shape of the diffused well has been applied.
There is some evidence presented in the literature that the diffusion process 
does not obey Pick's law but is composition dependent. The investigations carried out 
by Chang and Koma [3] led them to believe that in the interdiffiision of GaAs/AlAs, 
the intermixing was dependent upon the aluminium concentration. They employed 
AES to study intermixing and it may well have been due to the limited resolution 
inherent in the AES technique which led them to believe that the intermixing was 
composition dependent.
An ideal method to quantify interdiffusion would be a method that would give 
a direct measure of the well profile with about 1Â resolution, which would be 
non-destructive and give reproducible results. Such a method does not exist but there 
are several techniques which have their own advantages and disadvantages.
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Several methods have been used throughout the literature to determine the well 
shape after diffusion. These include AES, [3,4], SIMS, [5,6], TEM, [7] and PL, [7,8].
AES has been used by Ludeke et al., [9] to profile GaAs/AlGaAs grown by 
MBE. The disadvantages associated with this technique is that the primary electron 
beam is 100pm in diameter and this limits the resolution of the technique over this 
diameter. Also the depth resolution is in the 10-20Â range, (the escape depth for 1390 
eV Auger electrons used in this study), and this causes a major problem when looking 
at diffusion lenghts during the early stages of annealing. As this technique is 
destructive, it is not possible to follow the evolution of diffiision with time for a single 
sample.
SIMS is the method most widely applied to intermixing. The main advantage 
associated with the SIMS technique is that it can be used to look at the depth 
dependence of intermixing which is usefiil in samples which have been ion implanted. 
SIMS would thus allow the movement of the implanted ions to be studied and thus 
measure the interdiffiision coefficients.
Deppe et al, [6] used SIMS to investigate intermixing of Iny(Alx Ga  ^Jy ^ P. 
Zinc, incorporated using a sealed ampoule using a ZnAs^ source, was observed to 
disorder the heterostructure at a temperature as low as 600^C. SIMS profiles obtained 
for a Ino5(Alo4 GaQg)o5P“GaAs hetero-interface revealed that after a 20h anneal at 
600°C, the column III atoms. In, A1 and Ga of the crystal showed an enhanced 
self-diffusion rate, whereas little change was observed for the profiles of the column V 
atoms, As and P. From this they concluded that the zinc doping affected column III 
atoms only, through an interstitial-substitutional mechanism. To confirm that the zinc 
was having an enhanced effect upon the intermixing, an undoped sample of Iriy(Alx
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Gdj J i  yP was annealed at a much higher temperature, (800-850°C) and little change of 
the lasing wavelength was noted, using PL at 77K.
A third technique which is used by some groups to quantify intermixing is 
TEM. Its resolution is much higher than that of SIMS and AES, but sample 
preparation is difficult and time consuming. However TEM is very useful when used in 
conjunction with other methods, such as PL, and can be used to help in the 
understanding of diffusion mechanisms.
Oshinowo et al., [7] used TEM and PL to investigate intermixing of 
InGaAs/InP over a temperature range of 650-900°C. Their sample consisted of three 
InGaAs wells of thickness, 3,5 and 11 nm and were separated by 1000 nm InP barriers, 
grown by MOCVD. They observed, using PL, emission energy shifts of up to 210 
meV for the 3 and 5 nm wells and 140 meV for the 11 nm well. Diffiision lengths of up 
to 3 nm were obtained for the 11 nm well at 900°C and about 2 nm for the 3 and 5 nm 
wells, at the same temperature. They then compared their diffusion lengths, obtained 
using PL, with diffusion lengths they calculated from their TEM. Both results were in 
quantitative agreement with each other. From their results they obtained an activation 
energy of 2 eV for the 5 and 11 nm well and an activation energy of 2.6 eV for the 3 
nm well. They mentioned that this was significantly smaller than the activation energies 
for the GaAs/AlGaAs material system. This discrepancy may be due to the fact that 
both the group III and group V sublattices diffuse in the InGaAs/InP material system 
and may have confused the results obtained.
AES, SIMS and TEM are destructive techniques and thus allow results on only 
a single anneal to be obtained. These techniques cannot therefore provide an accurate 
picture of how the well diffuses with time. In the case of SIMS and AES the depth
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resolution is worse than 20Â and is limited by ion beam mixing. In our study diffusion 
lengths of approximately 5Â, (see figure 5.15 for example), were determined using PL, 
so SIMS and AES have rather poor resolution in comparison. TEM on the other hand 
has a resolution which is limited by diffraction and is typically about 2Â. In TEM 
images you are looking for small variations in contrast due to concentrations changes 
and thus diffusion coefficients are difficult to obtain and also the TEM image is only 
concentrated over lOOÂ  ^so it is not possible to look at bulk difdision.
Optical techniques such as PL, photoluminescence excitation spectroscopy, 
(PLE), photoabsorption, (PA) and catholuminscence (CL) have been employed to 
quantify intermixing. All these techniques are in principle very similar and are 
non-destructive. The quantised energy levels of the diffused well are measured using 
the optical technique. A model is then used which assumes a well shape after 
intermixing, usually an error function, to convert the measured change in optical 
emission into a characteristic diffusion length.
Seo et al., [10] investigated the interdiffiision of IngggGaQ^ yAs/InQg^ Alq^ gAs layers and 
assumed an interdiffirsion coefficient which is independent of D. Interdiffiision of 
gallium and aluminium atoms resulted in a graded quaternary with a spatial profile of x 
given by:
x=l-i erf
r \
2VDt j  l2VDt
h+z 6.10
where z is the distance measured from the centre of the well, h is the half-width of the 
well, t is the annealing period, D is the diffiision coefficient in cm^s'l
Once the profile of the well has been obtained, the bandstructure equations for 
the material system can then be calculated and Schrodinger's equation is then solved
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for the quantum well with graded interfaces caused by the diffusion. Thus, the 
transition energy can be compared with the experimentally observed energy shift to 
determine the diffusion length, and hence the diffusion coefficient of intermixing.
Optical techniques have many advantages over the destructive techniques 
mentioned before. Firstly, since the technique is non-destructive, many anneals can be 
completed on the same sample so the diffusion can be followed with time. Also, the 
resolution of the technique is limited by the accuracy of the model assumed. The only 
disadvantage associated with these techniques, is that if the sample is damaged by 
implantation or the material is of poor quality due to growth, luminescence will be 
impossible. With the PL technique, we are only measuring the PL shift and making an 
inference of the diffusion process and the well shape after annealing, whereas with the 
SIMS technique, the actual profile of the atoms is measured with depth.
We used a model which assumed a concentration independent diffusion 
process, with an initial square well. The diffused profile of the well was obtained by 
modelling the well as a error function. The band offsets were calculated from the 
model solid theory developed by Van de Walle, [11] and the effective masses were 
determined from inteipolation between the various binaries. A shooting method 
coupled with Schrodinger's equation was then used to solve the positions of the n = 1 
electron and hhl = 1 heavy hole levels in the conduction and valence bands 
respectively. This program was modified to find the energy levels of the n -  2 electron 
and h = 2 heavy hole levels and the computer results were then compared with 
reflection spectra obtained by our collaborators in Montpellier, France, [12]. The
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position of the upper energy quantised energy levels agreed well with the results of the 
computer predictions. This provided additional evidence that the model we used was 
valid and accurate.
6.30 The InGaAs and InGaAsP material systems.
Two basic material systems were designed; (1) to investigate the diffusion of 
the group III sublattice and, (2) to investigate the diffusion of the group V sublattice, 
both fabricated on tin and sulphur doped substrates. The structures were designed so 
that diffusion occurred on a single sublattice whilst the other sublattice had a constant 
concentration gradient between the well and the barrier. By investigating the diffiision 
of each sublattice independently the effect of both sublattices confusing the results can 
be neglected and modelling the results is much simpler. Some groups in the literature 
have investigated the interdiffiision of InGaAs/InP. This is interesting because in this 
system both the group III and group V sublattices diffuse. Fujii et al, [13] suggested 
that the group V species interdiffuse easily inside both the InP and InGaAs layers, but 
interdiffiise with difficulty through the InGaAs/InP hetero-interface. They calculated an 
activation energy of 1 eV for phosphorus diffiision over a temperature range of 
500-640°C and suggested that the interdiffiision rate is determined at the 
hetero-interface. From elastic constants they quoted an estimated strain energy of 
about 1 eV per atom. This is of the same order as their activation energy, suggesting 
that strain can have a significant effect upon the interdiffiision. Two main points arise 
from this work; (1) the strain energy is three orders of magnitude greater than that 
obtained by Gillin and Dunstan., [14] and, (2) the diffiision of the group III sublattice 
was not taken into account when modelling their results because it has been suggested 
by Nakashima et al, [15] that the main diffusing species was group V atoms.
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6.31 The InGaAs/InGaAs material system.
This T/T material system was fabricated in order to characterise intermixing on 
the group III sublattice. The results obtained on this material system are presented in 
figures 5.11 to 5.15. As the anneal time increases the PL peak is seen to shift to higher 
energies due to a modification in well shape. From figures 5.14 and 5.15 we see that 
for all temperatures, the results can be fitted by a straight line passing, roughly, 
through the origin. This shows that the diffusion coefficient, D is constant as a function 
of time, t, proving our initial assumption of Fick's law. The Arrhenius plot is shown in 
figure 6.31. The Arrhenius plot is described by a single line with = 2.78 ± 0.2 eV 
and Do = 2.11 x 10'^  +0.016 -0.0003 cm^ s'% for both the tin and sulphur doped InP 
substrates.
As can be seen on the Arrhenius plot of figure 6.31, a single line can describe 
all the data, we observe no effect of the substrate type upon the intermixing, 
disagreeing with the results of Glew et al., [16].
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Figure 6.31, An Arrhenius plot o f the data fo r  the InGoAs/InGaAs material system. 
The gradient o f the Arrhenius plot, over a temperature range of500-l000°C yields an 
activation energy o f 2.78 ^0.2 eVwith a D ^ o f  2.11 x 10'  ^ +0.016 -0.0003 cm^s~\ 
with no effect o f the substrate type upon the intermixing.
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6.32. The InGaAsP/InGaAsP material systems.
This Q/Q material system was fabricated with a constant group V sublattice so 
as to characterise the intermixing of the group III sublattice in the quaternary material 
system. The results obtained on this material system are presented in figures 5.21 to 
5.25. As the anneal time increases the PL peaks are seen to shift to higher energies 
because of a modification of the well shape due to high temperature annealing. From 
figures 5.24 and 5.25 we find that for all temperatures the results can be fitted by a 
straight line passing, roughly, through the origin. This shows that D is constant as a 
function of t, thus proving our initial assumption of Fick's law. The activation energy 
of the Q/Q material system is obtained from the gradient of the Arrhenius plot shown 
in figure 6.32. The gradient of the Arrhenius plot yields an = 3.02 ±0.17 eV and 
= 48.3 X 10'^  +0.28 -0.0008 cm^ s'^  for both the tin and sulphur doped InP substrates.
A study carried out by Hamoudi et al., [17] investigated the group III 
interdiffiision of InGaAsP/InGaAsP using PL. There was no constant concentration 
gradient of the group V sublattice, so intermixing would be solely associated with the 
group III atoms. At a temperature of 850°C, they quoted a diffiision coefficient of 4.72 
X 10 '^  cmV. This result has also been plotted on the Arrhenius plot and agrees well 
with the diffiision coefficients obtained in this study.
We draw attention to the following:
(1) The activation energies for the T/T and Q/Q samples are, within experimental 
error, the same. This implies that the diffiision process is the same in both material 
systems.
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(2) From the Arrhenius plot shown in figure 6,32, a single line can describe the 
data over the entire temperature range, implying that neither the tin or sulphur doped 
substrate has an effect upon the intermixing.
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Figure 6.32. The Arrhenius plot o f the diffusion coefficients obtained over a 
temperature range o f 500-900 °C reveals an activation energy o f 3.02 ±0.17 eVand  
Dq = 48.3 X 10'  ^ ±0.28 -0.0008 cm^s'  ^ for both the tin and sulphur doped substrates. 
Also plotted on the Arrhenius plot is the result obtained by Hamoudi et ai, [17] for 
group 111 interdiffiision in InGaAsP/InGaAsP.
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6.33 The InGoAs/InGoAsP material system.
The T/Q material system was fabricated with a zero group III concentration 
gradient so as to characterise the intermixing on the group V sublattice. The results 
obtained on this material system are presented in figures 5.31 to 5.35. As the anneal 
time increases the PL peaks are observed to shift to higher energies due to a 
modification of the well shape. From figures 5.34 and 5.35 we see that for all 
temperatures the results can be fitted by straight lines passing through the origin. This 
again shows that D is constant and verifies our initial assumption of Fick's law. 
Intermixing results, on both tin and sulphur doped substrates, yielded an Arrhenius 
plot, shown in figure 6.33, with an activation energy of = 3.34 ±0.1 eV and Dq = 
0.78 +0.8 -0.76 cmV\ The straight line fit to the Arrhenius plot gives a good fit over 
a temperature range of 550-1000°C. By including the data obtained at 500°C, makes 
little change in the activation energy, about 0.5 eV. Also worth noting is the fact that 
the diffiision coefficient obtained at 500°C has approximately the same diffusion
•^ocoefficient as the data obtained at 550°C, and may be due^ossible errors such as, (1) 
the diffusion coefficient was obtained using only three or four data points (2) the 
sample was annealed in a conventional furnace, sealed in a glass ampoule under 
vacuum, whereas all the other diffusion coefficients were obtained under a ambient 
and is therefore is not as accurate as the other points.
The following can be stated;
(1) The EPD's associated with the tin and sulphur doped InP substrates had no 
effect upon the intermixing in the T/Q material system, disagreeing with the findings of 
Glew et al, [16], who suggested that the rate of interdiffiision was found to be 
dependent upon the substrate EPD. The differences may be due to Glew et al. quoting
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an activation energy obtained over a temperature range of 600-750°C, whereas the 
activation energies in this study have been obtained over a temperature range of 
500-1000°C.
(2 ) Within experimental error, the activation energy is similar to that obtained for 
the InGaAs/GaAs material system by Bradley et al., [if], of 3.7 ±0.2 eV, over a 
temperature range of 750-1050°C. The only difference between the two results is that 
the exponential prefactor is two orders of magnitude greater for the group V sublattice 
than for the group III sublattice. Bradley et al. concluded that the interdiffusion was 
governed by the group III vacancies. As the activation energy we have obtained is 
similar, we believe that the 3.34 eV activation energy also correlates to vacancy 
diffusion, although in this case on the group V sublattice. The differences in the 
diffiision prefactor may be attributed to intrinsic differences in the number of vacancies 
produced in the fabrication process, as the material used by Bradley et al. was grown 
by MBE, whereas the material used in this study has been fabricated by MOCVD.
Studies have been undertaken on this material system by Camassel et al.,[18] 
and Hamoudi et al., [19], who in their work, quoted a diffiision coefficient of 4.72 x 
10’*® ernes ' at a single temperature of 850 °C. Sallese et al, [20] investigating the 
intermixing of the binary InAs/InP material system, obtained, over a temperature range 
of 730-830 °C, an activation energy of 3.8 ±2.0 eV. They obtained a diffiision 
coefficient of 7 ±0.5 x 10'^  ^ cm^ s'^  at a temperature of 830 °C. This result is plotted 
along with the result of Hamoudi et al, [f] on the Arrhenius plot of the 
InGaAsP/InGaAsP material system, shown in figure 6.33. The results of Sallese et al. 
and Hamoudi et al are all within the scatter produced by the results in this study.
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Figure 6.33. The Arrhenius plot o f the diffusion coefficients obtained for the 
InGoAs/InGaAsP material system over a temperature range o f 500-J000°C. A single 
line is required to describe the activation energy. The gi^adient yields an activation 
energy o f = 3.34 ±0.09 eV and = 0.78 +0.8 -0.76 cm^s'‘ , for both the tin and 
sulphur doped substrates. The straight line ignores the point at 500°C for the reason 
stated in the text. Also plotted are the results o f Hamoudi et al., fSJ and Sallese et al,
w
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By plotting on a single Arrhenius plot, the data obtained for the T/T, Q/Q and 
T/Q material systems, we can see that a single line is able to describe the data over the 
entire temperature range, ignoring the data obtained at 500°C, because, (1) the 
diffusion coefficient was obtained using three or four data points, whereas the other 
diffusion coefficients were obtained using eight or rune data points, and, (2 ) thermal 
annealing, at 500°C took place in glass ampoules, whereas thermal annealing at other 
temperatures was under a ambient in a vacuum, and may not be as accurate as the 
other data points. From the Arrhenius plot shown in figure 6.33.1, we calculate a 
single activation energy of 3.49 ±0.15 eV with Dq = 0.12 +0.66 -0.02 ernes’’ over the 
entire temperature range. This suggests that the same diffusion mechanisms are 
occurring in the T/T, Q/Q and T/Q material systems and the activation energy obtained 
for the T/T material system of 2.78 ±0.2 eV, did not imply a different diffusion 
mechanism, but was due to the regression fit.
The single activation energy for the T/T, Q/Q and T/Q of 3.49 eV, is very close 
to that obtained by Bradley et al., [2 9 ] for the InGaAs/GaAs material system. The only 
difference lies in the prefactor, which is two orders of magnitude smaller in the 
InGaAs/GaAs material system than in the T/T, Q/Q and T/Q. The reason for this may 
again lie in the fact that the material used by Bradley et al. was fabricated using MBE, 
whereas the material used in tliis study has been fabricated by MOCVD. Both these 
growth methods may affect the concentration of grown in defects, such as vacancies 
and this in turn has an effect upon Dq, the diffusion prefactor.
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Figure 6.33,1. The Arrhenius plot o f ali the material systems investigated in this 
thesis, reveals an activation energy o f 3,49 ±0.15 eV with = 0.12 ±0.66 -0.02 
cm^s'' over the entire temperature range o f 500-1000°C. The straight line fit  ignores 
the data obtained at 500°C because o f the inaccuracies associated with this data, 
which are explained in the text.
107
6.34 The InGoAs/InGoAsP material system with zinc doped quantum wells.
In order to characterise the effect of doping upon the intermixing in the T/Q 
material system, we fabricated a sample which were doped with zinc during MOCVD 
growth to a concentration of 10’® atoms cm'\ It has been suggested by many authors in 
the field, that zinc has a detrimental effect upon the intermixing of layers doped with 
zinc and also zinc doped layers are incorporated into laser structures which then 
warrants an investigation as to how these layers would affect the diffusion coefficient.
The InGaAs/InGaAsP material system was designed with a constant group III 
sublattice thus allowing the intermixing of the group V sublattice to be characterised. 
The quantum well was doped with 10’® cm'  ^zinc atoms during MOCVD growth. The 
results obtained are displayed in figures 5.41 to 5.44. The results of diffiision length 
squared versus anneal time, Vs t), can be fitted by straight lines passing through 
the origin. This shows that the diffiision coefficient, D, is constant function of time, 
proving our initial assumption of Fick's law to be correct. From the Arrhenius plot, 
shown in figure 6.34, we calculate an activation energy, of 3.59 ±0.16 eV with Dq= 
17.6+0.32 -0 . 0 1  cmV.
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Figure 6.34. The Arrhenius plot for the InGaAs/lnGaAsP material system with zinc 
doped quantum wells. Over a temperature range o f 625-950 °C an activation energy 
of 3.59 ±0.16 eVwith 57.3 x 10-3 +0.33 -0.001
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It is noted that zinc doping has no effect upon the intermixing of the wells, the 
activation energy and prefactor being, within experiment error, the same as that 
obtained for the InGaAs/InGaAsP material system with an undoped quantum well 
These results then disagree with the findings of other authors who have investigated 
the effects of zinc upon the intermixing of their layers and observed that it promoted 
layer intermixing at temperatures as low as 575°C, [21]. Kirchoefer et al, [21] 
investigated the disordering of a 50 period AlAs/GaAs superlattice. The zinc atoms 
were incorporated into the superlattice by the use of a ZnAs^ source for 5 hours at 
575°C. Laidig et al, [22] also used a ZnAs^ source and observed enhanced Al-Ga 
interdiffiision of a AlGaAs/GaAs quantum well, at temperatures as low as 600°C. Zinc 
diffiision studies, which have been carried out using the sealed ampoule technique, 
[23,24,25] have shown drastic effects upon the intermixing in the InGaAs/GaAs 
material system, at temperatures as low as 785 °C for 1 0  minutes, [2 1 ]. An activation 
energy of 2.07 eV has been measured by likawa et al, [25'j over a temperature range 
of 750 to 900 °C. Doping concentrations of 2.5 x 1 0 ’^  cm'^, implanted at an energy of 
1 0 0  keV have also been observed to cause significant intermixing in Alo^Ga  ^^ As/GaAs 
superlattice structures, [26].
The reason why we do not observe any effect of the zinc upon the intermixing 
in this study and the results of other authors suggest drastic effect of zinc 
incorporation, may be due to zinc being incorporated into the material. Ion implantion 
creates damage and it becomes difficult to separate the contribution of the zinc doping 
from the effect of the damage created by the implant. Also diffusion of zinc from the 
surface can promote the diffusion of other species such as native defects which can
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play a role in the intermixing, [27]. The incorporation of zinc during growth does not 
cause any damage and thus its effect upon layer intermixing have been minimal.
To demonstrate that zinc doping during MOCVD growth, does not induce a 
different diffusion mechanism, an Arrhenius plot incorporating the data obtained for 
the T/T, Q/Q and T/Q is plotted along with the data obtained for the T/Q zinc doped 
samples. As can be seen from figure 6.34.1, a single line is able to describe the data 
with an activation energy of 3.49 ±0.15 with Dq = 0.12 +0.66 -0.02 over the entire 
temperature range of 500-1000°C.
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6.34.1 An Arrhenius plot o f the diffusion coefficients o f the T/T, Q/Q, and T/Q 
material systems and the T/Q zinc doped material system. It shows that the zinc does 
not induce a different diffusion mechanism, but can be described by a single 
activation energy o f 3.49 ±0.15 eVwith = 0.J2 +0.66 -0.02 crn^s  ^ over the entire 
temperature range o f 500-I000°C. Again, the regression fi t  does not include the data 
points obtained at 500°C.
112
6.35 The InGaAs/InGaAsP & InGaAs/InGaAsP material systems with gallium and
arsenic implanted quantum wells.
Bradley et al., [2 .9], studied the effects of ion implantation upon the intermixing 
of InGaAs/GaAs quantum well structures, using ions of gallium, arsenic and krypton to 
a dose of 10'  ^atoms cm'\ They observed that following ion implantation there is a very 
fast interdifEusion process, which is independent of the implanted ion and was thought 
to be due to the rapid diffusion of vacancies created during the implantation process. 
Following this rapid process, it was found that neither gallium or krypton ions had any 
subsequent effect upon the intermixing. Following arsenic implantation, in addition to 
the initial vacancy diffusion process, an enhanced region of interdiffusion was observed 
with a diffusion coefficient which was an order of magnitude greater than that of an 
unimplanted control wafer. This enhanced diffusion process was thought to be due to 
the creation of group III vacancies created by the arsenic atoms moving onto group V 
lattice sites.
If the same process occurred in the T/Q and Q/Q material systems, we should see 
implants of arsenic enhancing the intermixing in the Q/Q material system. We would 
expect implants of gallium to enhance the intermixing of the T/Q material system.
Implants to a dose of 1 0 ^^ cm'  ^ of gallium and arsenic ions into the quantum 
well region of the InGaAs/InGaAsP and InGaAsP/InGaAsP material systems did not 
invalidate the Fick's law assumption. PL peak shifts were observed for both systems, 
shown in figures 5.51-5.53, for the InGaAs/InGaAsP material system; and figures 
5.61-6.62, for the InGaAsP/InGaAsP material system. In the case of the implanted 
samples the unannealed PL spectra was obtained from the unimplanted, control wafer. 
Plots of L^  ^ versus anneal time, t, for the unimplanted samples again, showed linear 
behaviour, implying Fickian behaviour. In the case of the samples which were
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implanted with gallium and arsenic ions the behaviour was somewhat modified. An 
intercept was observed at t = 0 , roughly increasing as the anneal temperature increases. 
The origin of this intercept will be discussed later. Fickian behaviour was again 
observed for all the samples after the initial intercept, this shows that the diffusion is 
proceeding with a constant D.
To explain these results we need to look closely at the work done by Bradley et 
al., on the InGaAs/GaAs material system. They noticed, for all implanted samples, 
an intercept on the y-axis at t=0 . This intercept was observed to be roughly equal for 
low temperatures, but increased as the temperature increased. We have also observed 
this effect for both our material systems. This intercept, Bradley et al, [2 9 ], suggested 
was due to the sample undergoing a rapid amount of intermixing either during the 
implant or during the first anneal. An estimation was made of the degree of mixing the 
ion beam would create using the findings of Anderson, [28]. The result was found to 
yield a broadening of 2-3 A. This compares with values obtained in this study of 
13-92Â of broadening before or during the first anneal. This suggests that the initial 
intermixing is not due to collisional mixing, but can be attributed to the rapid diffusion 
of vacancies created by the implant as the crystal is regrown. A study conducted by 
Gillin et al, [14] can explain the intercept caused by the ion beam created vacancies. 
For the arsenic implanted sample Bradley et al, [1 9 ], noticed in his work, an initial 
diffusion coefficient which was an order of magnitude greater than the unimplanted 
control value. This effect is clearly visible at the lower temperatures shown in figure 
6.35.
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Figure 6.35. Graphs o f L f  versus anneal time fo r  the arsenic implanted 
InGaAs/GaAs samples. The two-step diffusion process can he seen at the lower 
anneal temperatures. (Graph reproducedfrom the work o f Bradley et ai, [2]).
For the samples annealed at temperatures greater than 1000°C, this initial, fast 
diffiision process was over within the first anneal It was suggested that this enhanced 
region was due to the implanted arsenic ions moving onto group V lattice sites. The 
lattice would have to expand to accommodate the extra ions and this would create 
group III vacancies. The excess group III vacancies could then account for the 
enhanced intermixing behaviour.
In this study we do not observe an initial fast diffusion process due to the 
implantation of arsenic ions, but there is some evidence of a two-step diffiision process
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for the gallium implanted InGaAs/InGaAsP sample, shown by the dashed line in figure 
5.55. We can interpret the findings as the gallium atoms moving onto group III lattice 
sites, expanding the lattice, thereby creating group V vacancies which could account 
for the enhanced behaviour as this sample is designed with a concentration gradient on 
the group V sublattice. Arsenic, on the other hand would create group III vacancies 
but as we have no concentration gradient on the group III sublattice, this would not 
have an affect. We need to take into account that in the study of Bradley et al., they 
noticed an order of magnitude increase in the diffusion coefficient due to arsenic 
implantation of 1 0 ^^ cm'^ . As the diffusion coefficients obtained in this study are an 
order of magnitude greater than that for the InGaAs/GaAs material system, implants of 
gallium ions, to the same dose as Bradley, are having only a small effect. If we 
increased the dose of gallium or arsenic ions, we may obtain similar findings as those 
obtained by Bradley et al., >^9], and make inferences regarding the diffusion mechanism. 
However, as the implant dose is increased, the increase in lattice damage becomes 
harder to anneal out and we are unable to see the luminscence.
For the InGaAsP/InGaAsP material system which was used to characterise 
intermixing on the group III sublattice no effect of the implantation of arsenic or 
gallium ions was observed. This maybe again due to the diffusion coefficients being an 
order of magnitude greater in this material system than that of Bradley et al, [a®»].
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Chapter VII 
Conclusions.
7,00 Introduction.
We have in this thesis provided a method of determining the activation energy 
of interdiffusion of a T/T and a Q/Q sample, with a group III concentration gradient 
and a T/Q sample with a group V concentration gradient. These samples were 
deliberately fabricated in this way so as to determine the intermixing on an individual 
sublattice and not to confiise the intermixing on both sublattices together. Following 
previous work done on the T/Q material system in which there was a group V 
concentration gradient, fabricated on a tin doped substrate, this study was extended to 
look at the effects of a sulphur doped substrate as this was reported to affect the 
interdiffusion. We obtained an activation energy over a temperature range of 
500-1000°C, the largest reported range over which an activation energy has been 
obtained.
7,10 The Diffusion Model.
We developed a computer model which allowed us to convert PL shift into 
relative diffusion lengths. Firstly the well shape after diffusion was determined. The 
Van de Walle Model Solid Theoiy was then applied to determine the relative positions 
of the conduction and valence band positions. M.P.C.M Krijin's interpolation scheme 
was then applied to determine the effective masses in the conduction and valence band. 
Schrodinger's equation coupled with a shooting method was then used to calculate the
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confined energy levels in the conduction and valence bands. The PL 'was determined 
from the n = 1  electron to the hhl = 1  heavy hole level.
7.20, The results.
The results were modelled assuming that the interdiffusion was independent of 
concentration or depth and it obeyed Pick's second law of diffusion. From the graphs 
of Lj-,^  against anneal time, we obtained straight line plots the lines of which passed 
through the origin, proving our initial assumption of Pick's law.
The InGaAs/InGaAs and InGaAsP/InGaAsP material systems were designed to 
characterise group HI interdiffusion. This was achieved by having the same 
concentration gradient in going from the well to the confining layers. We observed no 
effect of the substrate doping type on the interdiffusion.
The InGaAs/InGaAsP material system were designed to characterise group V 
interdifihjsion. This was achieved by having no concentration gradient in going from 
the well to the confining layers. We again observed no effect of the substrate doping 
type upon the interdiffusion.
The same material system but this time with 10'* cm*^  of zinc atoms showed that zinc 
incorporated during MOCVD growth does not enhance intermixing, this is contrary to 
the findings of other authors.
By combining all the results obtained for all the material systems on a single 
Arrhenius plot, we find that:
• = 3.49 ± 0.15 eV
2 .,- !Dq = 0.12 +0.66 -0.02 cm^ s
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We noticed that a single line was able to describe all the data and that the 
activation energies obtained on both the group III and group V sublattice are, within 
experimental error the same, (E^ = 3.02+0.17 eV for the InGaAsP/InGaAsP material 
system, and E^ = 3.34+0.09 eV for the InGaAs/InGaAsP material system). The 
prefactor was found to be two orders of magnitude greater in this study than that 
carried out by Bradley et al, and was due to differences in the concentration of 
vacancies. This important result implies that devices fabricated with a concentration 
gradient on both sublattices, would not induce any strain during device processing. 
Previous studies conducted on this material system led to the conclusion that the 
interdiffusion was governed by the concentration of group III vacancies.
The InGaAs/InGaAsP material system implanted with arsenic ions did not yield 
an enhanced diffusion process, but there was some evidence of gallium ions producing 
an initial enhanced diffusion process. This was interpreted as the gallium ions creating 
group V vacancies, and as this structure was designed with a concentration gradient on 
the group V sublattice, we observed an enhanced process. Arsenic on the other hand 
did not affect the difffision coefficient because this would create group III vacancies, 
and as the structure was designed with no concentration on the group III sublattice, so 
no effect would be seen. The effect of the gallium implants was smaller than that 
observed by Bradley et al, and was suggest to be due to the intrinsic diffusion 
coefficients being an order of magnitude greater in this study than the study conducted 
by Bradley et al.
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7.30 Future work.
Further work can be done to investigate the effects of higher doses of gallium 
and arsenic ions into the quantum well regions in the InGaAs/InGaAs, 
InGaAsP/InGaAsP and InGaAs/InGaAsP material systems to observe, if any, an 
enhanced difhision coefficient, which will then allow further inferences to be made 
regarding the diffusion mechanisms in these material systems. Also, further data points 
could be obtained at 500°C to improve the accuracy of the diffusion coefficient as well 
as obtaining a diffusion coefficient at a much lower temperature.
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